AD-A164 227 TECHNICRL NOTES ON OR!F!CE TESTS(U) BENERﬁL ELECTRIC CO

TSFIELD MR ORDNANCE SYSTEMS J BULMAN ET AL.
86 BRL-CR-548 DAAK11-78-C- BB
UNCLASSIFIED F/G 20/4

: ': =
lr

171

| END
Fiuien

i

e




IRTI

8 e A TR

e R kit AW,

i

)

SN S T e

[

RO NS

't

I

XN

v v v - - .

> e

EKY

’

{

o

EEE
s EEE]

of of 23
K EFEETTT

| -

1.6
=

14

——]
—_—
——
———

=y

Wat e

MaTAuAL RUBCAH OF CTANDARDS-1963-A

MICROCOPY RESOLUTION TEST CHART

..--»\\

4'- Ly -- -\ -i ‘h -.




AD-A164 227 AD

US ARMY
MATERIEL

CONTRACT REPORT BRL-CR-548

TECHNICAL NOTES ON ORIFICE TESTS

General Electric
Ordnance Systems Division .

100 Plastics Avenue DT'C

Pittsfield, Massachusetts 01201 TLECTE
FEB 1 3 1986

N g
.. -.. -‘.1
o T

SRS

-A-" .‘_.

: D
-, . SN
T R . Tt et
e - e et cre e [

R .-

" - -

BEAS
. - -

I - -

R «
[ »

S B,

.
“ .
;

January 1986

iLk COPY

3

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED.

0TIC +

US ARMY BALLISTIC RESEARCH LABORATORY
ABERDEEN PROVING GROUND, MARYLAND




FY A T PPy B e IV et AL M- A A i WS o o Ao R @Y. kY- .Y, Be* Yl R R U IR L N L A e "7 iy g g, 1, gy 7 kgt w RE T3 Aa®

N
o
Ayl
)
"‘ - - -
3y Destroy this report when it is no longer needed.
Do not return it to the originator.
7
o,
L
*‘ 3 - - - -
i Additional copies of this report may be obtained
' from the National Technical Information Service, .
of U. S. Department of Commerce, Springfield, Virginia
- 22161,
. -
- r.'-'._r-,"
" [ASASNE
. PR
: P
> RS
.:"'
. -
. s
.- YA
g The findings in this report are not to be construed as an official .'.‘:i}_
- Department of the Army position, unless so designated by other N
o authorized documents. '-}.\.‘-%
. l\n‘k‘!
_—
D
. The use of trade names or manufacturers' names in this report j}:¢:¢
. does not constitute indorsement of any commercial product. RN




WL ENEAANRL YANPUTIRUOWR T ANRNA WP AW W WIS WS W)

UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE (When Date Entered)
REPORT DOCUMENTATION PAGE BEFORE. COMPL BN FORM
T. REPORT NUMBER 2. GOVY ACCESSION NOJ| - RECIPIENT'S CATALOG NUMBER
Contract Report BRL-CR-548 p.aIby R j 2
A. TITLE (and Subtitle) - 'J” TYPE OF REPORT & PERIOD COVERED
Technical Notes on Orifice Tests ? FINAL ey
- LA
R
6. PERFORMING ORG. REPGRY NUMBER NEX
A ]
_ A GY
. 7. AUTHOR(s) 8. CONTRACT OR GRANT NUMBER(s)
Mel J. Bulman and John Mandzy DAAK 11-78-0-0054 O]
:.-?J'_ 4
[ '-:"."'
9. PERFORMING ORGANIZATION NAME AND ADORESS 0. PROGRAM ELEMENT PROJECT. TASK el
General Electric Ordnance Systems Division ARE UNIT NuMB AR
100 Plastics Avenue e,
Pittsfield, MA 01201 !
11. CONTROLLING OF FICE NAME AND ADDRESS 12. REPORT DATE "
US AMC/Ballistic Research Laboratory January 1986 o
ATTN: SLCBR-DD-T 13. NUMBER OF PAGES
Aberdeen Proving Ground, MD 21005-5066 69
4. MONITORING AGENCY NAME 8 ADDRESS(If different from Controlling Otfice) | 15. SECURITY CLASS. (of thie repart)
UNCLASSIFIED
T8a. DECLASSIFICATION/ DOWNGRADING
SCHEOULE

16. OISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the abatract entered in Block 20, it difterent from Report)

18. SUPPLEMENTARY NOTES

19. KEY WOI0DS (Continue on reverse side if neceassary and identily by block number)

high speed flow of propellant high pressure flow test fixture
flow visualization flow cavitation
ball check injector flow separation

. straight hole injector augmented propellant combustion

20. APSTRACT (Centiaue am reverse side if neseesary and identity by block numbaer)

,The purpose of this task was to study the high speed flow of
monopropellant through orifices in order to develop criteria for safe and
efficient designs. Flow tests were conducted in a clear plastic, low pressure
fixture and firing tests in a specially designed steel fixture, The initial -
injector studied was known to behave poorly in regenerative gun fixture - 7
firings. The flow tests revealed that it was subject to flow separation.

DD . £DITION OF ! NOV 63 1S OBSOLETE
UNCLASSIFIED
SECUMTY CLASSIFICATION OF THIS PALE (When Date Entered)




A0S ".

S N W R R R T Y i N E R ¥ A O N N T A D N R O S T Y DNy T R A T N AN R R Y A N T N T Y A AN Y N

UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE(When Dote Entered)

20. ABSTRACT (Con't) - R S U

/l'he steel fixture tests with this injector exhibited strong evidence for
flameholding inside the injector. Steel fixture firing tests were also
performed on straight-through hole injectors. These also showed evidence of
flameholding in the orifice. The basic goal of this effort was not met. It
is believed that neither the basic designs of the steel text fixture nor the
instrumentation used were adequate for this task. Although no quantitative
data was generated, a number of useful qualitative design guidelines were
obtained. T

A

" ".
DA

TR
>
+

R s

v

UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)

- - - "-'k‘¢ . - - - - . - - - . - - - .
AR R DRI S RN R S TP R P T ~ -t Tt Tt Tt Lt Mt T e Y s Tt et e e
ot et et * . - P TR S AT ) . . - LA [ * e ML TN L T T TR A
— AN PR Py YL W, O, - N e T et b S st s L




E-_ TR TR WA O N NT T WL R A T TR T AT T A T AN LY. T Y, YW R N N I O W T LYW W RN T
e -4 [ g pf ~. R Y

GENERAL @ ELECTRIC

TECHNICAL NOTES
ON
ORIFICE TESTS
CONTRACT DAAK 11-78-C-0054
5 T—— |

. ORDNANCE_SYSTEMS DIVISION
100 PLASTICS AVENUE ¢ PITTSFIELD, MASSACHUSETTS 01201

LS 2N SN N DR

.;_._:.-‘;-.."_. ‘_-..'_-..:.;..'...{‘.‘:-.. LS "4" A A PR SR ‘_-." I L O e N O S S e SR
RASAR SR o s . W RS R LR R L8, S TWCSTMES SOOL PO



Ry AR eRhE VW MNRE

b vt
« (R R

."-. ,1' s "' ". *a p

'y F e ¥ T
AT T

TECHNICAL NOTES ON ORIFICE TBSTS+

M.J. Bulman

General Electric Armament and Electronic Systems Department

J. Mandzy

General Electric Ordnance Systems Division

September, 1984

NTIS  Crag
|
DTic tag
[ Ynannounceq
General Electric Ordnance Systems Division | Justification
100 Plastics Avenue

Pittsfleld., Mpn 01201

*Hork performed under Army Contract DAAK 11-78-C-0054

00201 !




[ FRLL AR L S SRR S Pl /b Bk d b il Yot ol gu ey b\ g e e el e T
g

TABLE OF CONTENTS

T ATTEEVIV_ VT Y N S AN W " e,

Page
LIST OF ILLUSTRATIONS ix SN
'y \* X
N
LIST OF TABLES xi SN
R0yt

> s
§
i PREFACE xiii by g
) t
: I.  INTRODUCTION 1-1 LA
. HESE RS
: .-*‘.’_‘...’
- 1.1 ORGANIZATION 1-1 RS,
N 1.2 BACKGROUND 1-1 R
l II.  TESTS WITH THE PLASTIC FIXTURE 2-1
. AONCNICS
- 2.1 INJECTOR DESCKIPTION - 2-1 vl
N 2.2 TEST DESCRIPTION AND DATA ANALYSIS 2-1 PNDEN
5 2.2.1 RUNS 3 AND 17 2-10 R
L 2.2.2 RUNS 11 AND 12 2-10 PRI
R 2.2.3 RUNS 9 AND 14 2-16
- 2.3 DISCUSSION 2-23
. III.  TESTS WITH THE STEEL ORIFICE TESTER 3-1
" 3.1 BACKGROUND 3-1
' 3.2 TEST DESCRIPTION 3-2
- 3.3 FIRINGS WITH BALL CHECK INJECTOR A 3-2
. 3.4 TESTS WITH STRAIGHT THKOUGH HOLES 3-8
> 3.4.1 GREASED PACKED 3-8
N 3.4.2 PACKED WITH NYLON SCKEWS
: (WITH AIR ENTRAPMENT) 3-8
. 3.4.3 PACKED WITH NYLON SCKEWS
> (WITHOUT AIR ENTRAPMENT) 3-10
RS
. IV.  DISCUSSION, CONCLUSIONS, AND LESSONS LEAKNED 4-1
.- 4.1 DISCUSSION AND CONCLUSIONS 4-1
» 4.2 LESSONS LEARNED 43
- ACKNOWLEDGEMENTS 5-1
S
: REFERENCES 6-1
» - APPENDICES
- APPENDIX A FLAMEHOLDING IN A STRAIGHT ORIFICE A-1
. APPENDIX B ESTIMATION OF POSSIBLE BURNING RATE
- AUGMENTATION IN ORIFICE -1
’ DISTRIBUTION LIST | 7-1

i il
<
-
[

e A R O R ST I A 0 2 A A S AN A AP WD CAT ALY . . TP Pty ORGSO




'
0
v
'
)
1
+
'
t
]
]
i

PRI

- O

‘e
‘s
n
»
b S
.
N

LIST OF ILLUSTRATIONS

Overall View of the Plastic Orifice Tester . . . . . . . .
Assembly Drawing of Steel Orifice Tester . . . . . . . . .
Details of the Ball Check Injector . . . . . . . . . . . .
Picture of the Ball Check Injector . . . . . . . . . . . .
Drawing of Ball Check Injector . . . . . . .
Flow Through Ball Check Injector, Plastic Orifice Tester.
Ball Set 0.125 Inches from Shoulder, Flow Rate of
2.55 GPM, Inlet Pressure 29psi . . . . . . . .
Flow Through Ball Check Injector. Plastic Orifice Tester.
Ball Set at 0.125 Inches from Shoulder, Flow Rate of
3.2 GPM, 1Inlet Pressure 56psi. . . .
Flow Through Ball Check Injector, Plastic Orifice Tester.
Ball Free Floating Against Spring, Flow Rate of 4.6 GPM,
Inlet Pressure 60psi . . . . . . o« e s .
Flow Through Ball Check Injector, Plastic Orifice Tester,
Ball Free Floating Against Spring, Flow Rate of 5.95 GPM,
Inlet Pressure 59psi . . . . . . . . . . ¢ ¢ o o ..
Flow Through Ball Check Injector . . . .
Reduced Pressure Data from Run 3 (Ball Open 0 1776 Inch) .
Reduced Pressure Data from Run 17 (Ball Open 0.1776 Inch).
Analysis of Flow in Injector for Run 17 at a Flow Rate of
B9 GPM. . . & ¢ ¢ ¢« vt e e s e e e e e e e e e e e e
Reduced Pressure Data from Run 11 (Ball Open 0.0995 Inch).
Reduced Pressure Data from Run 12 (Ball Open 0.0995 Inch).
Reduced Pressure Data from Run 9 (Ball Open 0.0526 Inch) .
Reduced Pressure Data from Run 14 (Ball Open 0.0604 Inch).
Reduced Pressure Data from Run 15 (Ball Open 0.0604 Inch).
Reduced Pressure Data from Average of Runs 14 and 15

(Ball Open 0.0604 Inch). . . . . e e o ..
Analysis of Flow in Injector for Run 14 at a Flow Rate of
7.28G6PM . . . . . .. . .
Analysis of Flow in Injector for Run 9 at a Flow Rate of
9.6 GPM . . . . e e e e s . . .
Schematic of the Configuration of the Straight Through
Holes Tested . . . . e e s e e e e e e e
Pressure Data from Test 316 10 19 20 e e e e e e e e e e
Pressure Data from Test 316:14:43:31 . . . . . . s
Pressure Data for Startup Region for Tests 334 10 42 34.
334:15:03:51, and 347:11:26:02 . . . . e e e e s
Pressure Data from Test 353:15:04:21, Nylon Screw with
Air Entrapment . . . . . . . e e e e e
Pressure Data from Test OT 3 e et e e e e e e e e e e e
Pressure Data from Test OT-4 . . . . . ¢« + ¢ + « « « « o« &
Pressure Data from Test OT-5 . . . . . . ¢« ¢« « « ¢ v « & &
Pressure Data from Test OT-6 . . . . . . ¢« ¢« &+ « & « o &+ »

Pressure Data from Test OT-7 .
Calculated Separator Piston Hotion for Tests OT 3 to OT—7
Wave Diagram of Water Hammer Effect (Test OT-7). . . . . .

ix.

. 3-13

3-14
3-15
3-16

. 3-17
. A-5




BTV U VTV U S U IR Y TG fad et T Y Y YN A Aia W iaBle Wi wia Wil 505 ol crn . & Ak 2 s s s g %

5 .-&
LIST OF TABLES W g
Table Page >

3-1 Summary of Tests Performed with the Steel Orifice Tester . . . . . 3-3 e

R . IR R D R N N D L VP T N LTI Vi R
- - DRI - A P R PLIM S - nN e e e
AL S OIS T DN - - o

. . R T T T T P S LT -, S oo ~ S
IS N SN RN S U SR A Y W L A A VAL R L S Y R badalalas




ROSERELER LR A SO SMPC IO SE O ST NG A N A AR A A S N P I S U0 M e S AP CRAR™ A o A A ot i . - -3 oy 2r

‘ .-: .

PREFACE

This series of Technical Notes was compiled in order to provide a reasonable

level of access to the voluminous data generated under the ACT Program (Contract
DAAK 11-78-C-0054). The intent was not to provide a finished product, well
organized and thoroughly analyzed, but rather to provide a ready reference
document. These documents are written around the raw data. Only sufficient
organization was provided to allow access of the desired data without an undue

| - amount of search time. In keeping with this spirit, speculations are presented
on an equal footing with conclusions based on analyses. It is the hope of the
authors that these notes will prove of benefit to future researchers in this
field.
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Section 1
INTRODUCTION
1.1 ORGANIZATION

These Notes are organized in the following manner. The purpose is
presented in the Introduction, together with a brief description of the two
fixtures used in this effort. the clear plastic flow tester and the steel
orifice tester. Section 2 presents a description of the work performed using
the plastic fixture together with an analysis and interpretation of the data
from these tests. Section 3 presents the equivalent work using the steel
orifice tester. A discussion of the results, and the conclusions reached
therefrom, is presented in Section 4.

The possibility of flameholding occurring in the injector, and
mechanisms for enhancing the propellant burning rate while it is in the
orifice, are particularly germane to this investigation. A brief discussion
of these two topics is presented in Appendices A and B, respectively.

1.2 BACKGROUND

These Notes were compiled to provide further background to the
orifice flow investigation. The initial stages of this effort were reported
in the “Liquid Propellant Technology Annual Report," FPebruary, 1980.1 a
detailed discussion of the purpose, the test fixtures used, their design
principles. and the initial results, may be found in the above referenced
document. For the purpose of continuity., a brief summary of this information
is presented below.

The purpose of this task was to study the high speed flow of
monopropellant through orifices in order to develop criteria for safe and
efficient designs. A twofold approach to this problem was taken. First, the
flow would be visualized in a small, low pressure fixture of clear plastic,
using water as the working fluid. It was realized that the results obtained
from this fixture could not be treated as more than qualitative guides. The
difference in working pressure between the plastic fixture and a typical steel
firing fixture is more than two orders of magnitude. A sketch of the plastic
fixture, including the location of the pressure taps, is shown in Figure 1-1.

The plastic fixture was complemented, for the second part of the
approach, by a high pressure steel fixture which would inject actual
propellant into hot combustion chamber gases. Al assembly drawing of the
steel orifice tester is shown in Fiqure 1-2. The design goal for this fixture
was to instrument the propellant flow passage (injector orifice) while still
duplicating the environment of a regenerative liquid propellant qun. The
approach adopted was to fix the injector orifice with respect to the chamber,
which allowed instrumenting the flow passage to be relatively
straightforward.

1. Mandzy, "Liquid Propellant Technology Annual Report,” General Electric

Ordnance Systems, 1980.
1-1
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The next design choice was how to pressurize the propellant reservoir
while still keeping the relationship between the combustion chamber and
propellant reservoir pressures comparable to that found in a regenerative
test fixture. The solution adopted was to allow the combustion chamber to
pressurize the propellant reservoir through a hydraulic multiplier piston.
Accordingly, the steel test fixture is configured as a "U" tube, with the
injector orifice and propellant reservoir in the upper bore of the "U" and
the hydraulic multiplier piston in the lower bore. The upper part of the
"y" is exposed to combustion chamber pressure. The working fluid in the "U"
is water. The water is separated from the propellant reservoir by a free
floating piston.

The inherent limitation of this approach is that its ability to
properly and safely respond to rapid changes in combustion chamber pressure
is marginal. Changes in combustion chamber pressure are immediately seen at
the injector orifice as it is directly exposed to the combustion chamber.
However, this same pressure change cannot create a comparable pressure rise
in the propellant reservoir through motion of the injection piston until the
pressure signal completes its passage around the "U" tube. This travel time
is in excess of 0.5 msec. Thus, with this fixture, there is an ever present
possibility of reverse flow of hot gases through the injector orifice in a
way which would not occur in an actual regenerative gun fixture. However,
it was intended that this test fixture simulate the operation of a large
caliber artillery gun, for which the pressure rise times are long compared
to 0.5 msec. It was therefore planned to carefully control the combustion
chamber pressure rise rate.

The concept and specification for this test fixture were determined by
General Electric Ordnance Systems Division. The detailed design,
fabrication, and initial checkout testing were performed by the Princeton
Combustion Research Laboratories under subcontract to GEOSD.
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Section 2

TESTS WITH THE PLASTIC FIXTURE

2.1 INJECTOR DESCRIPTION

The first injector orifice chosen for investigation was the ball check
injector. A diagram of the orifice investigated is shown in Figure 2-1. 1t
consists of a threaded spline, a spring, and a ball bearing with a shaft braised
to it. A picture of these parts, disassembled, is shown in Figure 2-2. A
drawing of this injector is shown in Figure 2-3. The splines are tapered on
their upstream side. The spring resides in a bore in the spline and acts
against the shaft to keep the ball pressed against its seat. In normal
operation it opens when the pressure acting on the upstream face of the ball is
sufficient to overcome spring pressure. This orifice was at one point used
extensively in General Electric's Ordnance Systems Division (0SD) Independent

Research and Development (IR&D) program and was characterized by a low inferred NN
orifice flow coefficient and a high incidence of piston reversals. Analysis of 1}i3
the data pointed to the injector as the most likely culprit. It therefore ey
appeared to be a good candidate for studying how not to design an injector -ﬂﬂﬁ\
orifice. NN
2.2 TEST_ DESCRIPTION AND DATA ANALYSIS :rﬁg
~J.'r. *

Considerable data was generated in water flow testing of the ball check [*ci

valve in the plastic test fixture. The pressure drops were limited to 100 psi, o
and the flow rates to only 15 gallons per minute (GPM), values two orders of e
magnitude less than those typical of gun fixture firings. However, even at such T
low flow rates, the Reynolds number for this flow passage is well into the NCa
turbulent regime, although the relatively short length to diameter (L/D) ratio f}jﬁ
of the flow passage may not allow sufficient time for a fully turbulent flow to .:.x"::d\'
develop in the orifice. It must also be noted that the complex geometry of this j::‘\
orifice will promote the occurrence of flow separation and/or cavitation. DY

The tests were performed in two modes. In the first mode the ball was
fixed at various axial positions and the flow rate varied through the available
range. In the second mode the ball was allowed to float against the spring

contained in this spline. Two sizes of flow meters were used, a 1/2 inch and a N
3/4 inch. Photographs of five typical flow conditions are shown in Figures 2-4 ;}}E
through 2-8. 1In general, for the tests where the ball floated against the T
spring (see Figure 2-6), some oscillation of the ball was observed. Since this RN
significantly complicates numerical data analysis, only the results from the ?:}Q
fixed ball flow tests will be presented. \G{
LS AR
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Figure 2-4.

Flow Through Ball Check Injector, Plastic Orifice Tester, Ball
Set 0.125 Inches from Shoulder, Flow Rate of 2.55 GPM, Inlet
Pressure 29 psi. Diameter of Bore Holding Injector is
Approximately 0.47 Inches,
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. Figure 2-6. Flow Through Ball Check Injector, Plastic Orifice Tester,
Ball Free Floating Against Spring, Flow Rate of 4.6 GPM,
) Inlet Pressure 60psi.
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Figure 2-7. Flow Through Ball Check Injector,Plastic Orifice Tester,

Ball Free Floating Against Spring, Flow Rate of 5.95 GPM,
Inlet Pressure of 59psi.
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Figure 2-8. Flow Through Ball Check Injector




........

In order to better understand the flow in the orifice the data were
reduced to a form more amenable to analysis. The total pressure of the flow at
any point is a measure of the energy in the flow, and comparing the total
pressure at various stations in the flow will provide clues as to the processes
occurring between these stations. The total pressure was computed by
calculating the flow velocity at each station assuming full flow through the
available geometrical area. This, unfortunately, is a questionable assumption
because, as has been mentioned earlier, this flow passage is likely to be
subject to flow separation and cavitation. It should therefore not be
surprising if some contradictions arise in the analysis of the data.

In order to better compare the flows at differing flow rates, the total
pressure was normalized with respect to the dynamic pressure at the exit of the
orifice. Several runs of identical, or nearly identical, initial conditions
were analyzed on this basis and showed differing results. The following
paragraphs discuss these results.

2.2.1 RUNS 3 AND 17

The reduced pressure data from these tests are shown in Figqures 2-9 and
2-10. The tests were performed with the ball set at its maximum opening (0.1776
inches) which gave the highest discharge coefficient (0.7-0.95). Run 3 used the
1/2 inch flow meter with flows of 1-9 GPM. Run 17 used the 3/4 inch flow meter
with flows of 4-15 GPM.

The circled numbers on the figures refer to the various pressure gauge
taps (see Figure 2-1). Also shown on the figures is a value for the flow
discharge coefficients. Cp., which was determined at the flow rate indicated in
the figure.

Significant data overlap exist between these runs but the data do not
repeat. Run 3 yields a consistently higher Cp than Run 17. The form of the
pressure profiles is strikingly different, most notably the pressures at
stations 2 and 3. Wwhen these pressures are reversed, the match is closer. It
may be possible that the data were mislabeled during recording. These traces
were therefore interchanged in Figqure 2-10. The measured static pressures,
together with the calculated total pressures and velocities at one flow rate,
are shown in Figure 2-11.

2.2.2 RUNS 11 AND 12

The data from these tests are shown in Figures 2-12 and 2-13. 1In these
runs, the ball was fixed to give an opening axial clearance of 0.0995 inches.
Again, the only intentional difference was that Run 11 had the 1/2 inch flow
meter at flows of 1-9 GPM while Run 12 used the 3/4 inch flow meter at flows of
4-13 GPM. Run 1l yields a higher Cp through the whole range of overlap.

Except at station 4, the reduced pressures differ significantly. An
unaccountable cusp exists in the reduced pressure at station 1 for Run 12.
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P1 = 16.7 PT =17.0
P2 =-2.8 PTZ = 8.63
P,= =
3=-4¢1 PT3 1.8
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5 6.3
L— spline
P4=4.4 PT4=15.4

3/4 INCH FLOW METER

Note: Pressure is in psig and Velocity is in ft/sec,

R L S

Figure 2-11. Analysis of Flow in Injector for Run 17 at a Flow Rate of 8.9 GPM.

- e Wt PRI " .....' ..‘W“.-‘|~<“.~«
P T R/, I U, R DAY AR LW N



Bty X
IR S

*(92u] 6660°0 uedQ (red) [1 uny woJj eje 3Mssad padnpay °Z1-7 3By "

(WdD) TLVH MOTd
€1 4 11 (1) ¢ 6 8 L 9 S v € 4 1 “

2-14

-
.

@ —- = + 0°¢
@h"\\‘ " //
|
|

Caala s,

a

/
AYNSSTUd AIDNATH
o O

Cay et PR
SRSV I .
Tatiaiat

-

4

1
o
3
IS

JILIANW MOTd HONI 2/1

-;'.- _',--

)

0

ot e
Cat

Y




S e n g A v . . .- . ' . E A : . .- VNI EERA
\%ﬁ.\* 'PA& K 4 .-MM h.\-.- iyt ..--.-u
V L ds ) . . K e . ..-‘\.~.-

hia L AL PLEN « PR R R | PAFN SRS Sl M

*(92UI §660°0 uadO [red) 21 uny WOJ} BIRQ 3MSSILJ PIdNPIY °g-Z amBig g

M (NdD) TLVYH MOTd
g %1 €1 4 11 01 6 8 L 9 S % € A 1

| t t t 13 \n U f t t 1 t -1 1
i
: 26* = ) v9* = 09° = Gy

® O

2-15

©

o e WTa o g

-
.
LI
PN PPN

‘ 4 0°¢

JANSSTId q4ONaIY

: O]

.

o'y

.
-
nt

—
N

3 YJILIN MOTH HONI ¥/€

P
L Y
G

"

s

N *
TR ERC AT
'-L"L.k{‘.{

-

Fa )0 4
PO

Y - .. .- L. eoe s . .. .a S eta,
- d° 2" 8" - e o . Ay e b e A e %y ey e DRI ) . PR N .o LA f e Te e v e 0 8 b a0, o N i N
P s PP AT Y L, Y5 4 ety e e > - R ot st ..»‘.\ ..-‘4.-... R A N IR .-S- . . o g Sl IR AN v



. L R I

v,

T

PR

2.2.3 RUNS 9 AND 14

The data from these tests is shown in Figures 2-14 and 2-15. Run 9 had a
ball opening of 0.0526 inch and used the 3/4 inch flow meter. Run 14 had a
larger opening of 0.0604 inch and used the 1/2 inch flow meter. The comparison
of these two runs yields the greatest paradox of the series. 1In all the
previous runs, use of the 1/2 inch flow meter gave the highest Cp. This is
not so in this case, where use of the 3/4 inch flow meter, coupled with a lower
flow area, gave the higher Cp.

Significant structure is evident in the pressures recorded in Run 14.
Stations 2 and 3 show remarkable similarity in this structure. Station 4 shows
an apparent mirror image of station 3 and station 1 shows a highly smoothed
version of station 2. To investigate this structure further, Run 15 (identical
to Run 14) was also analyzed. The data from this test are shown in
Figure 2-16. The trends were the same but a different structure appeared. When
the average values from Runs 14 and 15 are plotted (see Figure 2-17), the
structure becomes much smoother. Stations 1 and 2 track each other and stations
3 and 4 are mirror images of each other.

The pressure at station 4 shows a large dip in pressure, which is
difficult to understand. This cannot be explained by one dimensional single
phase flow. It may be evidence for local cavitation entering the spline
(reference page 2-23 for discussion). The two-phase flow in the splines would
have a lower density and would require a higher velocity as the flow proceeded
through the splines. RAs the vapor returned to the liquid phase, the velocity
would decrease and the pressure would rise to the back pressure.

The measured static pressures, and calculated total pressures and
vzlocities, for one flow rate are shown in Figure 2-18.

Run 9 also exhibits some paradoxes. The first is that the calculated
total pressure at station 3 (see Figure 2-14) exceeds the supply pressure up to
a flow of 9 GPM. This has to be an experimental error since no systcm can show
an increase in total head without the addition of work. Either the pressure
measured 1s too high or the area used is too low. The second is that the
pressure at station 3 shows an increasing suction up to 10 GPM. After this
point it remains at about 12 psi below atmospheric pressure (approximately 3
psia). The pressure at station 3 could not have been much lower. This only
leaves the flow area for the source of major error. Therefore, the opening of
the ball must have been larger (at least 15%) than the stated 0.0526 inches.
Returning to the pressure at station 3, the very low and nearly constant static
pressure above 10 GPM suggests cavitation at this location. The static pressure
at 4 shows a sudden jump at this flow rate and also holds constant as the
“choking” effect of the cavitation propagates down stream.

The measured static pressures, and calculated total pressures and
velocities for one flow rate are shown in Figure 2-19.
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3/4 INCH FLOW METER
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Figure 2-14. Reduced Pressure Data from Run 9 (Ball Open 0.0526 Inch).
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Figure 2-15. Reduced Pressure Data from Run 14 (Ball Open 0.0604 Inch).
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) Figure 2-17. Reduced Pressure Data from Average of
Runs 14 and 15 (Ball Open 0.0604 Inch).
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2.3 DISCUSSION

The flow in the ball check injector is complex. Analysis of these data
indicate that the flow is strongly three dimensional and at times multi-phase.
The instrumentation also interferes with the data. The flow meter is located
upstream of the initial inlet. Residual swirl left in the flow by the 3/4 inch
flow meter is probably greater than for the 1/2 inch since it is larger in
diameter. Wwhen the flow enters a small diameter section, more energy is tied
up in the swirl component (due to the conservation of anqgular momentum) of the
flow requiring a larger pressure differential for a given flow rate. The flow
passages are highly curved and abrupt changes in area occur. As was mentioned
earlier, this calls into question any calculations based on assumed one
dimensional flow (i.e., the use of Bernoulli's equation). The pressure ports
are large with respect to the flow passage dimensions and at station three,
(Figures 2-1 and 2-18) are not even perpendicular to the surface. As a result,
the measured pressures cannot be taken as accurate indications of the local
static pressure.

The analysis indicates that, in several of these tests, cavitation is
certain to be occurring at a number of points in the flow. A brief discussion
of cavitation is presented here. By definition, cavitation occurs whenever the
local pressure drops below the vapor pressure. When this occurs, sufficient
liquid flashes to vapor to prevent the pressure from dropping further. The
fiow becomes a two phase flow until the pressure rises back above the vapor
pressure and the vapor is driven back into the liquid phase. The rate at which
vapor returns to liquid is fast, but not instantaneous. If the static pressure
at every point in the flow were known, the existence of cavitation could be
easily determined (occurring when the static pressure is less than or equal to
the vapor pressure). 1In real systems, the pressure can only be measured at
discrete points remote from the potential site of cavitation.

In hydraulics., a cavitation parameter o is defined by:

o = Ps ° By
1/2 pv2+ Pg

where Py is the vapor pressure, p 1s the density. Pg is the static

pressure (absolute) and vV is the flow velocity. All these parameters must be
measured as close to the potential cavitation site as possible. The denominator
in the above expression is the total pressure.

I1f Pg is an accurate measure of the pressure at the site, then, for
flows which can be considered one dimensional, cavitation will occur when ¢ =
0. In more complex, multi-dimensional flows cavitation will also occur at o >
0. and in extreme cases, with a highly complex and sharp flow geometry,
cavitation will occur when o approaches 1. The value of o where cavitation
first occurs, O.. is usually determined experimentally. For this analysis,

o was estimated on the following basis. For run 17, in the region of a flow
rate of 13 GPM, the raw data showed that the pressure at station 3 remained
constant, while the pressures at stations one, two, and four were changing.
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Thus some mechanism was acting to maintain the pressure constant at station
three. The most reasonable hypothesis for this mechanism is cavitation at
station three. On this basis the critical cavitation parameter, ¢_, becomes
0.086. The lowest cavitation number observed is 0.027 on Run 9 at®station 3
at maximum flow. If the estimate for ¢ 1is reasonable, then a value of
0.027 is well into the cavitation regimé.

It should be pointed out that cavitation is probably occurring at
other conditions (higher values of g) but is almost certain in the cases
referenced above.

Looking at the three dimensional aspects of the flow can shed some
light on the frequency of cavitation. The pressure on the surface of the
ball can be estimated in the following manner. Consider the geometry in Run
9 at station 3, as shown in Figure 2-19. The flow is bounded on the outside
by a 30° divergent cone and on the inside by the ball with a radius of 0.187
inch. If the flow is full, the streamlines should change continuously
between the boundaries. The streamlines near the outer wall will be
straight; those near the ball curved. Where the flow is curved, a pressure
gradient normal to the flow streamline must exist. This is written

dP/dy = -pa

where P is the pressure, y the direction normal to the streamline, p is the
fluid density, and a is the fluid acceleration. If we know the velocity on
the streamline the acceleration is given by

2
a = %- where R is instantaneous radius, and V is the fluid

velocity.

We now have

2
dp/dy = - 9%—

Assume i is 0 (R -~ ») at the outer wall and increases linearly to the

curvature of the ball (% directly proportional to y). A further assumption
will be made that V is the mean velocity of the flow. Rearranging and

substitution gives

V2 (144)

dP = - 757187 (0.0302) ¥ ¥
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Here 144 is the conversion factor between in’ and ft2. 0.187 is the radius
of the ball, and 0.0302 is the gap dimension Ay. Integrating this along y,
with y varying from the tapered shoulder to the surface of the ball gives
(assuming that V can be taken to be independent of P):

2
- - VO .0302) z
AP %% (~187) 0.156 V© (psf)

where g is the acceleration due to gravity and the units (psf) are pounds
per square foot. Applying the last equation to the data (which requires
adding 14.7 psi to the measured wall pressure) predict: that the calculated
absolute pressure on the surface of the ball is negatise for a flow rate of
8 GPM. A negative pressure indicates the existence of cavitation in the
flow. Therefore, it is likely that cavitation began at a somewhat lower
flow rate and became controlling at 10 "M.

In actual regenerative fixtures, cavitation is highly unlikely to
occur because of the much higher back pressure (g=.8). Therefore, none of
the data obtained where cavitation is suspected is applicable to the firing
conditions. Flow separation, however, is still likely to occur under the
conditions to be found in a regenerative fixture, provided that the geometry
of the flow passage is sufficiently complex. If the flow is full and
bounded (completely surrounded by iiquid and metal), the separation bubble
will contain recirculating liquid and mixing losses will be high, thus
reducing the net mean flow rate. If the bubble is ventilated by gas, the
losses may be less. However, if the gas is hot, ignition and flame holding
are likely to occur.
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Ssection 3
TESTS WITH THE STEEL ORIFICE TESTER

3.1 BACKGROUND

In the cold flow tests an inert fluid (water) was pumped through the ball
check injector with only atmospheric back pressure. Although the flow exhibited
separation and cavitation, relatively high discharge coeffici:nts were obtained
(up to .8).* This was strikingly different from the values calculated from 25mm
gun fixture firings with this injector orifice, which were typically about
0.3.** The gun firings also showed a disturbingly high frequency of piston
reversals, on the order of 25 to 30%.

‘I As already mentioned, the flow conditions which can be generated in the

; plastic fixture are several orders removed from the conditions that occur in an
actual regenerative qun test fixture. A special steel fixture was therefore
designed and fabricated for the purpose of better understanding the nature of
the flow of a monopropellant under regenerative fixture conditions. A
description of this fixture may be found in the Introduction. A layout drawing
of this test device is shown in Figure 1-2. This fixture is referred to as the
a orifice tester. 1In particular, the layout drawing indicates the position of the
= various sensors. Combustion chamber pressure is measured at P9 and P10. The
pressures at two points in the flow in the injector are mcasured at Pl and P2.
T The pressure at the entry to the orifice is measured at P3. Pressure is also
. measured at two points in the propellant reservoir, P4 and P5. In addition,
light sensor taps are located in the same plane as Pl through PS5, but are at a
90° angle with respect to the pressure transducers. The light sensors are
designated L1 through LS.

The pressure gauges used were PCB model no. MO119A, although equivalent
Kistler gauges were used in additional tests performed at the General Electric
Armament Systems Department, Burlington, Vermont (GEA & ESD). The light sensors
were of the phototransistor type, with maximum sensitivity in the near
infrared. A more detailed description of the light sensors may be found in the
“Liquid Propellant Technology Annual Report,” February. 1980.1 The motion of
Dy the hydraulic multiplier piston was tracked using a linear optical encoder of
s special design. The piston differential area ratio was 1.27.

*Por these tests, the ball was free floating against the spring in the spline.

**Some tests with the fixed check valve also had low Cp. See Run Nos, 9, 14,
and 15.
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This was a difficult experiment to instrument. The problem lay with the
size of the pressure taps and their length. As can be seen from the drawing,
the sensing hole penetrates through the carrier holding the injector. This
additional length can act as a filter reducing the frequency response of the
sensor. Far worse, however, is the disturbance that the presence of the sensing
hole has on the flow itself. The standard sensing port diameter is 0.062
inches, which is on the order of the characteristic dimension of the spline. an
attempt was made to mitigate this problem by reducing the sensing port dimension
to 0.03 inches and packing the sensing hole with grease for every firing.
However, this is not a very satisfactory solution. It should be remembered in
the succeeding discussions that the pressures measured in the flow passage
include a component of unknown magnitude which represents the interaction of the
flow with the sensing port. This problem was not as severe with the light
sensors, as these taps were filled with a fused quartz rod.

3.2 TEST DESCRIPTION

Four series of tests were run: (1) ball check injector; (2) straight
orifices, filled with grease; (3) straight orifice filled with nylon screws plus
1.3 cm3 of unintentional air; and (4) straight orifices filled with nylon
screws and with the air purged. Conditions (2). (3), and (4) are illustrated in
Figure 3-1. BAll of these tests were performed with NOS-365 propellant. The
test firings, together with relevant parameters and results, are listed in Table
3-1. (The first test was performed at the Princeton Combustion Research
Laboratory and is not listed in this Table. See Note below.)

bDuring the first test series, increasing wear of the vents connecting the
primer cavity with the combustion chamber resulted in a general trend to
increasing rates of pressure rise in the chamber. This increasing pressure rise
rate confirmed the need to design the system in such a way that the propellant
reservoir pressure can quickly adjust to changes in the combustion chamber
pressure.

3.3 FIRINGS WITH THE BALL CHECK INJECTOR

The cold flow tests with the ball check injector yielded a discharge
coefficient approximately 2-3 times higher than the value calculated in 25-mm
firings using this injector. The first threet tests, however. in the orifice
tester yielded a discharge coefficient very close to that inferred from the
25-mm fixture firings. The fourth test had the lowest rate of pressure rise of
the series and a very different result. The pressure data from this test are
shown in Figure 3-2. A small amplitude, 7 kHz oscillation is present in Pl, P2,
and P3. The inferred discharge coefficient was relatively large, within 30% of
the value determined in earlier flow tests (about twice the previous value).

tNote: The results from the first test are reported in the "Liquid
Propellant Technology Annual Report ," February. 1980 (Reference 1).
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TABLE 3-1. SUMMARY OF TESTS PERFORMED WITH THE STEEL ORIFICE TESTER

Peak :
Propellant Chamber Injector
Run ¢# Volum: _ Pressure _ dPc/dt Type Resul ts/Comments
(a—ng) (kpsi)  (kpsi/msec)
310: N 10 16.0 3.5 Ball Check Piston full travel, Py low,
Low Cp, Burn in Orifice
311:09 24 26.6 3.3 Ball Check Piston Full travel, Py Low,
Low Cp, Burn in Orifice
316:10:19:20 51 15 .15 Ball Check Piston full travel, Pyo Low,
High Cp, No Burn in Orifice
316:14:43:31 52 30 4.0 Ball Check Fire in Prop. (Begun in Orifice)
334:10:42:34 10 22 6.0 Straight through Reversed

holes, grease packed

334:15:03:5) 30 30 6.4 Straight through LS-3 turns on after plateau
holes, grease packed pressure is reached. No piston
position signal. Reversed

347:11:26:02 23 23 6.5 Straight through Reversed
holes, grease packed

351:13 23 23 5.6 Nylon Screw + 1.3 LS-3 turn on after plateau
cc's of air pressure is reached. Reversed

353:15:04:21 24 24 1.3 Nylon Screw + 1.3 LS4, LS3, LS2, LS) turn on in
cc's of air sequence Reversed

JESTS PERFORMED AT GEA & ESD

or-3 25 38.0 2.1 Nylon Screw Without Reversed
Air

o1-4 25 36.0 2.0 Nylon Screw Without Reversed, P3 late in showing
Air pressure rise.

01-5 3 1.0 Nylon Screw Without Full travel.
Air

oT-6 25 36 1.2 Nylon Screw Without Reversed. LS2 turns on after
Air pressure peaks.

o1-7 25 44 1.0 Nylon Screw Without Reversed.
Air

Note: In addition, onc test with the ball check injector was performed at the PCRL.
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This firing was repeated the same day, but the initial pressure rise rate
was much higher and a low Cp was inferred. The pressure data from this firing
are shown in Figure 3-3. At about 3 msec into the firing oscillations were
observed at station P3 (upstream of the ball). These oscillations became more
severe and the piston reversed.

In summary, of the five tests performed with the ball check injector, only
one exhibited a discharge coefficient comparable to that measured in the earlier
flow tests in the plastic fixture. Of the four tests which exhibited a low
discharge coefficient, two had piston reversals. An hypothesis, therefore, is
that for tests with a low discharge coefficient, propellant burns in the
injector orifice itself.

The discharge coefficient, Cp. is defined by the relationship

where V is the flow velocity, AP is the pressure drop across the orifice, p
is the liquid density, and g is the acceleration of gravity. P is measured
directly and V is calculated from the injection piston velocity (including the
correction for the compressibility of the column). This allows calculation of
Cp. In particular,

CD GF—

Thus, if the orifice were filled with gas rather than liquid, the density would
be over estimated by a factor of about 5, resulting in an underestimate of Cp
by about 2.2. This roughly agrees with the results measured from the data.

The calculation above is completely correct only for single phase flow.
Here it is assumed that liquid enters the flow passage but that gas leaves it.
Hence the correct value for Cp is likely between the Cp calculated assuming
pure liquid flow and the Cp calculated assuming pure gas flow. For the
conditions of the tests, though, it would be expected to be closer to the latter
than the former.

In this vein it would appear that in the first three ball check injector
firings the propellant was ignited as it came around the ball and was sprayed
into the hot primer gases that filled the injector downstream of the ball.
Combustion persisted as in a stable flame holder. 1In the fourth test, the
slower pressurization rate (and consequently the enhanced ability of the
propellant reservoir to adjust to the rising combustion chamber pressure)
permitted the injected liquid to flush out the gas in the injector so that the
injector flow was pure liquid.

The last shot of this group had the highest rate of pressure rise of this
group. Ignition again occurred as the propellant was sprayed around the ball.
In this case, the combustion was so violent that it was able to disrupt the flow
upstream of the ball. This coupling resulted in the pressure oscillations that
grow in magnitude up to approximately 6 ms where the flame comes completely out
of the orifice and into the reservoir resulting in the observed reversal.
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3.4 TESTS WITH STRAIGHT THROUGH HOLES
3.4.1 GREASE PACKED

The remaining tests were performed in the injector configuration that
replaced the ball check injector. 1t is shown schematically in Figure 3-1. 1It
consists of seven 0.109 inch diameter, 2 inch long holes, six on the circle and
one in the middle. This orifice configuration was chosen for further study
because, unlike the ball check injector, it had performed very well in the
original regenerative fixture firings. Since these orifices are open, they must
be plugged before firing to prevent leakage prior to ignition. For this
purpose, the injector holes were packed with DC-111 grease. It should be noted
that, in this configuration, the pressure taps sense the pressure in only one of
the seven orifices. 1In the same manner, the light sensors sense conditions in a
different flow passage. No direct information is available about the flow
conditions in the other five passages.

Three tests were performed in this configuration. 1In all three the
hydraulic multiplier piston reversed, indicating combustion in the propellant
reservoir. The ignition source could have been adiabatic compression of
entrapped ullage, but it is more likely to have been blowback of hot combustion
chamber gases into the propellant reservoir,

The pressures for the low pressure startup region for these three tests
are shown in Figqure 3-4. The initial rate of pressure rise indicates that if
the grease in all seven holes regressed uniformly*, the propellant reservoir
pressure would rise sufficiently to stop this retreat before all the grease was
pushed into the reservoir. However, since the holes were hand packed, hole to
hole variations in the amount of retreat would be expected. The hole with the
weakest grease barrier would permit gas ingestion sooner.

3.4.2 PACKED WITH NYLON SCREWS (WITH AIR ENTRAPMENT)

Since the ignitions observed in the propellant were thought to be due to
gas tunneling through the grease, a solid barrier was introduced in the next
series of tests. One inch long nylon screws, with heads removed, were used.
These were lightly greased and pushed in from the combustion chamber side. They
were less than half the length of the orifice and in retrospect. the loading
procedure allowed approximately 1.3 cc's of air to remain in the flow passage
adjacent to the propellant reservoir. This is illustrated in Figure 3-1,

*This calculation invokes only the equation of continulity. Suppose that V is
the propellant reservoir volume and that it is necessary to raise its pressure
by a small amount AP by nghing on the grease in the injectors. The volume V
must be reduced by AV =._§ . where B is the propellent compressibility.

The volume swept out by the grease in the i-th hole is given by by = Axy4.
where A is the hole area and xj is the displacement of the grease in the i-th
hole. The sum of all by must be equal to AV. The smaller the xj for one
hole, the larger must be the x4 for another hole.
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dp/dt = §.0kpsi/mse
334:10:42:34
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N sealing system (3). Two tests were fired, both of which promptly reversed.

> The last shot had a very high pressurization rate (7.3 kpsi/msec; the upward
- trend in pressurization rate during these tests was due to erosion of the

. booster vents). The pressure data from this firing are shown in Figure 3-5.

- On this shot the pressure and light sensor data indicate that major combustion
- began decp in the propellant reservoir. whether this was due to adiabatic

} compression or gas blowback cannot be unambiguously determined, but it is

clear that this was far too hard a start for such an hydraulically soft
system, with 19 inches of fluid to compress (propellant plus water).

3.4.3 P/ CKED WITH NYLON SCREWS (WITHOUT AIR ENTRAPMENT)

With the lessons learned from the previous tests, a new series of tests
- were performed at GEA & ESD. The fill procedure was modified to eliminate the
- entrapped air. The replaceable booster vents were inspected and replaced as
. necessary to maintain the desired pressurization rate of about 2 kpsi/ms.
L Both of the first two firing (tests OT-3 and OT-4 (Table 3-1)) reversed with
- the first activity showing up in the orifice (station P2). The pressure data
from the:e two tests are shown in Fiqures 3-6 and 3-7 respectively.

AR L%

The nominal pressurization rate was then reduced to 1 kpsi/ms and a
“"classic" firing resulted. The pressure data from this firing are shown in
Fiqure 3-8. Note the smooth development of all the pressures until completion
- of injection at about 10 msec. When this shot was repeated (see Figure 3-9
for the pressure data). a reversal resulted. The pressure in the propellant
(station P3) showed a ringing that suggested the presence of air. It was
hypothesized that this could have been air trapped in the "0" ring grooves of
the separator piston. The last test was fired with a new separator piston
without "O" rings. A reversal resulted none the less. The pressure data from
this last firing are shown in Figure 3-10.

RAL il R

AN A

A plot of the calculated separator piston motion for tests OT-3 to OT-7
is shown in Figure 3-11. The calculation is based on the measured piston
I motion and the measured liquid pressure. This latter is used to determine
<. what fraction of the measured piston motion werit simply into compressing the
oy fluid column. This correction factor was applied to both the propellant and
K water columns. As can be seen in this figure, only in test OT-5 did the
N separator piston achieve full travel.

) Even though all five of these tests look different, they all, with the
- exception of OT-5, the “classic" result, show activity in the orifice prior to
; any major manifestations of combustion. This is similar to the ball check

Cj firings, where flame holding is believed to have occurred. The only obvious

flame holder in this orifice is the instrumentation port (1/3 the dia. of the
0 hole). However, a completely satisfying explanation for these results is not
i available. A brief discussion of flame holding in a straight orifice is .
. presented in Appendix A.
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Figure 3-9. Pressure Data from Test 0T-6 (Hand Traced).
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Section 4

DISCUSSION, CONCLUSIONS, AND LESSONS LEARNED

4.1 DISCUSSION AND CONCLUSIONS :::-:'::

N

The dominant characteristic of the test firings was the very high inci- Efzﬁ

dence of piston reversals, indicating combustion in the propellant reservoir. E‘Sﬁ
Of the 15 tests performed, 9 resulted in piston reversals, and in only two does

it appear that there was no evidence of combustion occurring in the injectors. E—QEE

This is a rate of incidence far higher than ever observed even with the worst ES}q.

performing regenerative firing fixture. For the latter case the incidence of kaﬁb

piston reversals was only 20 to 30%. Even in the tests of Concept V, the trEH:

incidence of piston reversals associated with blowback of hot gases was only one DR

in thirty. 1In Concept VI, no reversals have been observed in over 60 tests.

The basic goal of this effort, to study the flow of a monopropellant
through an injector under the conditions to be found in a regenerative firing
fixture, was not met. This is very disappointing, as it may mean that such
flows cannot be studied directly, but rather that their nature must be inferred
within the context of a normal regenerative firing fixture.

It was known beforehand that this experimental approach would have to
overcome two difficult problems: ensuring that the propellant reservoir
pressure properly follows the rise in combustion pressure; and that the
instrumentation not interact too strongly with the flow. It may be that neither
of these requirements was achieved.

It must be pointed out that the problem is more likely assocliated with hot
gas generated or entrapped in the injectors rather than because of ullage
compression ignition. This is based on two arguments. First, a considerably
larger number of test firings had been performed earlier in 25-mm and with
multiple holes through the injection piston face. The propellant used was also
NOS-365. The fill procedure used was essentially the same as that used in
loading the orifice tester, and hence should have been subject to the entrapment
of a comparable amount of ullage. However, the observed frequency of piston
reversals was far less than that observed in the orifice tester. Second, the
test with NOS-365 performed at PCRL2, under conditions as least as severe as
the conditions used in the present study. did not result in ignition from
adiabatic compression.

The weakness in the first arqument is that the orifice test fixture and
the 25-mm fixture have significantly different cycle times. 1In the orifice
tester, high pressure is maintained for times in excess of 10 msec while in
the 25-mm fixture, high pressure is maintained for less than half this duration.

2 Messina, N.A., Ingram, L.S., Camp, P.E. and Summerfield, M., “"Compression -
Ignition Sensitivity Studies of Liquid Monopropellant in a Dynamic-Loading .
Environment,” Princeton Combustion Research Laboratories, Inc., Princeton, peteseee
New Jersey 08540
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It can be legitimately argued that the cycle time associated with the 25-mm
fixture is simply too short to generate sufficient gas buildup. 1Indeed, long
delays, on the order of 10 to 20 msec, have been seen in association with
compression ignition.3 However., compression ignition tests performed by the
PCRLZ with NOS-365 indicate that the pressure rise rates used in the present
test series should have been low enough to prevent compression ignition.
However. there is uncertainty assocliated with this last statement in that the
: ullage character in the two cases was quite different. 1In the PCRL tests, it
was dispersed throughout the propellant volume as small bubbles, typically
0.001 inches in diameter. 1In the orifice tester, whatever ullage was present -
would have been in the form of a few large single bubbles.
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The above arguments do not indicate that compression ignition never
occurred, but rather that it was unlikely to be responsible for the majority of
the observed reversals. It should also be remembered that, in at least three
tests, a rather large ullage was probably present in the injectors themselves.

(N

4

e

- This leaves the injectors as the most likely ignition source, either
through blowback of hot combustion gases, or perhaps due to an interaction of
.- the flow with the sensor taps, or both. The first explanation is a very likely
> candidate, as the system which the injection piston must compress is relatively
soft. The length of compressible fluid is nineteen inches. Since the majority
of this liquid is water, its bulk modulus is about 300,000 psi. This means
- that, to achieve a steady state pressure of 30,000 psi in the propellant
reservoir, the injection piston must move almost two inches. Any motion to
compensate for propellant outflow through the injector must be in addition to :
. this. 1In practice this means that a steady state is never achieved. Even in N
- the last tests, with an initial combustion chamber pressurization rate of only 1 o
S kpsi/msec, the piston motion data indicated that the piston was always
o accelerating. There may simply never have been as great a differential pressure
. across the injector as originally intended.
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Q As indicated in the previous section, the low inferred discharge
coefficient may be a strong indication that combustion is occurring within the
injectors. The mechanism as to how this would occur is not entirely clear in
the case of the straight through holes. Conceivably, the pressure taps may in
some manner be involved. 1If, in addition, the differential pressure across the
injector is lower than planned for, blowback of hot gases into the propellant
reservoir could become likely. It is certain that they would initially be
partly filled with hot gas because, during startup, the pressure in the
combustion chamber is significantly higher than in the propellant reservoir.
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3. Mandzy and K. Schaefer, General Electric Ordnance Systems, and J. Knapton
and W. Morrison, BRL, "Progress Report on Compression Ignition of NOS-365 .
Under Rapid Fill Conditions," 17th (1980) JANNAF Combustion Meeting. CPIA DA
Publication 329, Vol. 1I, pp. 309-327, Applied Physics Laboratory, Johns :f:f
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A further hindrance is that the pressure measurements in the injectors
themselves (Pl, P2, and to some extent P3) must be treated with suspicion. It
is entirely too likely that much of the structure observed in these pressure
traces is spurious, an artifice of the interaction of the flow with the pressure
tap. To illustrate this one has only to observe the high speed movies made of
the tests in the plastic fixture and observe the constant and rapid oscillation
in position of the small air bubbles entrapped in the pressure taps.

Thus the basic concept for this test fixture, and the manner in which it
was instrumented, appear to be unsuitable for studying the phenomenon of
interest. The basic concept itself could be modified. The pressurization for
the propellant could come from a source independent of the combustion chamber.
Although more complicated, this approach is feasible. The question of
noninteracting instrumentation is more difficult. At present, there appear to
be no good solutions for measuring the pressure in the injectors without
significantly disturbing the flow.

4.2 LESSONS L.EARNED

Although the basic goals of this effort were not met, a number of useful
lessons were learned. First, it was always believed that the system must be
designed with mechanical parameters such that it can readily follow the normal
expected rate of pressure rise in the combustion chamber. These tests confirmed
the importance of this design principle and provided a number of graphic
examples of the consequences when it was violated. These tests failed to yield
quantitative criteria for the design of injectors, as had been the original
hope. However, they did provide clues as to how they should be configured.
They should be simple in shape with no sharp edges, turns, or sudden changes in
flow area. The data may also indicate that excessively long injectors may be
undesirable.
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HTEPLS

APPENDIX A
FLAME HOLDING IN A STRAIGHT ORIFICE

Consider the following scenario. Let Py and Pc represent the
propellant reservoir and combustion chamber pressures and W and Ug are the

liquid mass flow rate entering the straight orifice and the gas mass flow rate
leaving the orifice.

Burning Surface of Liquid

~— J |
< Hot Gas—» = 51 4
Pt "——_&:;;jj::::::::::::::::::=. g ¢
L L > —
Ve -

Flame holder recirculation zone
The question to be addressed is: Can flame holding occur in a straight orifice?
FLAME HOLDING:

Flame holding occurs when recirculation of hot gas continuously ignites
fresh propellant. What is required is any flow passage where flow separation may
occur (sudden increase in area, sharp turns, excessive roughness, etc.). The
flow may be stable as long as hot gas is present and the liquid continues to
separate.

1f flame holding takes place, it will influence the flow by converting some
(or all) of the propellant to hot gas. As the propellant reacts, the propellant/
gas flow accelerates and the static pressure in the flow falls. Since the
pressure at the end of the orifice cannot normally drop below the back pressure,
this means that the mass flow rate through the orifice will be less when
combustion takes place.

Let us look at an example from test OT-7 in the orifice tester. At 8.5 ms
into the test, the reservoir pressure was 58 kpsi and the chamber pressure was
26 kpsi. For this differential pressure, the Reynolds number for the flow in the
injector is about 3 x 109 assuming liquid flow. Assume a relative roughness?
(E/D) of .002. This gives a friction factorP f of .024. The pressure drop
APg through the orifice would be:

Apg = (£) (1/2 pv2) (L/D) L/D = 18.3

= ,.440 (Q = % pv2)

4 Relative roughness is an hydraulic term that compares the magnitude
of the average surface roughness E with the duct diameter D.
b rhe friction factor f is defined by

APfD
QoL

£ =

where APg is the pressure drop due to friction, L is the duct length,
Q is the dynamic pressure of the flow (1/2 pv2).
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: The estimated entrance loss is .3 Q (in hydraulics, a typical value for N W
. this entrance loss). The total driving Anz must be: % %7
. ¥ _.‘:‘

APy = .30+ .440+1.00=1.749Q
. et sy
- Q = AP /1.74 AR
' I
: 1/2pv2 = AP /1.74 Cp = 0.758 I
) DR
Vv = 1500 ft/sec . -

e
\ g AN
N For comparison, the linear burning rate of NOS-365 at 58 kpsi is about éﬁ%}'ﬁ_
. 0.8 ft/sec or about 2000 times slower than the flow rate. N PR

ety

» ;.‘-\ 3

Consider a case where the propellant is burned in the orifice and
compare the required burning rate with the calculated value. We must T

calculate a new liquid flow rate since, due to the need to accelerate the nfiiuf
gases generated, the combustion will use up a significant portion of the :}}):-
available AP. The simplest case to handle is where a propellant enters the p;;ixa
. orifice and hot gas exits. PN
! RN
h:_-}‘-:‘
|Station 1 Station 2 ;{:{; v
P (P 2 ;‘. A
\¥_ ] RN
P, =58,000psi —> = = -~ -~ ~+ ., Gas — P_ = 26,000 PSI R
L s v ‘¢
—> V; Ligq. — M >
. _ (3 —> —_— "_, 2
; PL‘IOZ}PE/ t ~- L Flame Front T 1

Linear Burn Rate

N

AN

o
N

The liquid enters the orifice and accelerates to V] where the pressure s
has dropped to P). The propellant is ignited and burns radially in, :\
consuming all the propellant before the exit. As the propellant is burned,
the flow velocity goes up and the static pressure goes down. The pressure
drop between the two stations is found from the momentum equation between the
two constant area stations 1 and 2.

2 2
Py=Py=pPVy =P V)

PR
)
N L AN
B

.

PR
0

P

N

TaY;

from continuity we also have
PV TPV,

we can find the pressure at station 1 from Bernoulli's equation
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There are two approaches to sulving this. The first assumes the exit
flow is subsonic. This determines the exit pressure (this is simply the
measured back pressure) and the exit velocity is then solved. When this is
done in this case, the computed velocity is 4185 ft/sec. This is too high as
it considerably exceeds sonic velocity and therefore contradicts the initial
assumption, The second approach assumes sonic (supersonic is not possible
in a constant area duct in steady flow) exit velocity. With the exit
velocity fixed, the exit pressure is solved for assuming a sonic exit
velocity of 3400 ft/sec. The exit pressure is found to be 37,200 psi,

Since gas friction was not included, we will lower this to 30,000 psi. From
continuity_and the state equation, and by assumigg an entrance density of
102 lbs/ft3 and an exit gas density of 15 lbs/ft”, we can solve for Vi

P
-2

V, = 500 ft/sec

The residence time of the liquid in the orifice is found from the
average velocity

AT = = 8.5 x 1) ° sec

< I

The burning rate required to consume the propellant (radial burn) is

found from*

= AR _ .. ,
r = AT 53 ft/scc

This is over 50 times faster than the strand burning rate, but still
much less than the liquid flow selocity assuming full flow. However, there
is the possibility of burning rite augmentation (see aAppendix B).

* AR is the radius of the flow passage. For all the propellants Lo be
converted to gas before the end of the flow passage is reached, the flame
front must cover this distance in the flow transit time AT.
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. It has been shown that if flame holding takes place, it will affect the ;:fﬁ-'
[ mass flow rate. If a significant portion of the propellant in the orifice ;Q;kf
lights off suddenly, the disruption can be more severe due to the water hammer 5
effects. A simplified wave dynamic analysis of the orifice flow in test 0OT-7 .
, between the times 7.8 msec and 8.0 msec is presented in Figure A-1l. At Q-} v
' t = 7.8 msec, assume a strong ignition occurs at station Pl. Two effects h&ér :

happen. Because the pressure is so high , the flame front propagates both A g
: upstream and downstream. 1In addition., because of the strength of the Qg.r;

explosion, shock waves are propagated in both directions and are reflected L3tahh
’ from the two ends of the flow passage. These events correlate with the

pressures measured at the various gauge locations (see Figure 3-10). If the fxééig
system response results in a reverse pressure gradient of sufficient duration, Ny
the hot gases in the orifice can flow into the reservoir and ignite the main - $§xﬁ{¥
charge. This is felt to be the cause of the observed reversals. i{@(ji

If the orifice surface is sufficiently rough, flame holding may be 2
possible at any number of locations. This will permit "ratcheting“. This e

.
"
)
’

v ale

v

-t

occurs when brief flow reversals allow the combustion to latch onto a site
upstream. This can lead to hot gas working its way upstream to the reservoir -
when the flow is sufficiently non-steady. AR
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APPENDIX B
ESTIMATION OF POSSIBLE BURNING RATE AUGMENTATION IN THE ORIFICE

The flow in the orifice is highly turbulent (Re, ~ 1 X 105) « In
turbulent flow the velocity vector of a particle flucguates in magnitude and
direction about the mean flow. The confinement of the boundary causes the
normal component of the velocity to drop to zero near the wall. This causes
the flow near the wall to be laminar (the laminar sub layer). When the flow
separates, the turbulent core flow ruptures the unsupported laminar layer.
The surface of a free jet is seen to be very rough as the turbulent eddies
energe from the surface. This rough surface will permit faster burning due
to its higher surface area. We will try to estimate what this higher area
is.

Very near the wall, the "Law of the Wall"? applies, givin, us

YH =t
Y <10
+ * o+ * * , 2
But U =z U/V , Y =YW /v, V =V rw/pw and T, = Lf e U av /8

8 The standard description for the velocity profile of a turbulent flow very
very near the wall is given by

+2 +3
7 = Ut 4 o KB [ KUF +_(m21)_(ku) |

[e -1~-kU 3

In the laminar sublayer, defined by Y ¢ 10, this reduces to

Yr=u

+

Definitions of these terms, and further discussion of boundary layer
theory can be found in numerous textbooks, cf. Frank M. White, "Viscous
Fluid Flow," McGraw Hili, 1974.
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E: where U is the mean velocity at location Y, Py is the fluid density at the
e wall, Y is the perpendicular distance from the wall, v is the kinematic
5 viscosity, T, is the shear at the wall, Uav is the average flow velocity in Eﬂf‘i
;; the duct. Cf is the Darcy friction factor (skin friction). The p‘&ta
t}: nomenclature of White is followed here.? The friction factor may be R0y k
i; calculated from the power law of Blasius _4;
) G = 0.3164 Re™V/*
0
t:- ?or the case at hand, Cf =+ 0.0182. Working through these equations results
!. in o
> 2 A
0= g U, Wy B
ndaly
At a flow velocity (Uav) of 500 ft/sec, a Cf of .02 is found. The N
kinematic viscosity of the propellant is 4.92 x 107 ft2/sec. This gives us
a velocity mnear the wall of:

U=1.26x 10 y N

where y is the perpendicular distance from the wall. ~}-§C

When the fluid leaves the wall (i.e., the flow separates), this linear
shear can no longer exist. The closest motion to this that does not produce
shear is rigid body rotation.

It is suggested that the flow switches from uniform shear to uniform
rotation (on a small scale) on separating from the boundary. The size of
the regions of uniform rotation is limited by centrifugal force. The
pressure excited at the surface of the region must be supported by surface
tension. The surface tension t is defined by

T = PR

Y
A

o ) .~ -" x~ -‘.
A

)
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where P is the pressure and R is the characteristic dimension of the region
affected by the uniform rotation. For this case, the centrifugal force
equation becomes

P =9 (U/Y)2 R2/2 = radial pressure difference
U/Y = 1.26 x 10’ rad/sec
T = 0.003664 lbs/ft

Solving for R gives R = 3.1 x 107> inches

If all the propellant were formed into droplets 3 x 107® ft in radius
and in contact with hot gases, they would burn in

At = R_3x10 3.75 x 10_6 sec
3 8

where ? is the measured linear burn rate of NOS-365 (in fg/sec). Since from
Appendix A we computed a residence time of only 8.5 x 10~ sec it could most
certainly burn before exiting the orifice. Not all of the liquid would form
drops this small, but clearly significant augmentation seems possible once
the flow separates and flame holding establishes itself.

We still haven’t established a criterion for separation and flame
holding. It has long been recognized that surface features smaller than the
boundary layer thickness will not effect the bulk flow. There are several
measures of the thickness of the boundary layer. One of them, the momentum
thickness, (8), represents the displacement of the bulk flow by the boundary
layer. It is therefore suggested that separation may take place if a
surface irregularity exists greater than the boundary 1aye£ displacement
thickness. 0 is found from Whites "Viscous Fluid Flow" as

X X

where Rex is the Reynolds no. based on (X = 2) =10 6

3

g =5.8x 10~ inch

*Re is the Reynolds number based on the characteristic dimension X of a

bod? im iersed in a flow.
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Since the diameter of the transducer port is 30 x 1U”> inches it could N
most certainly lead to separation, Flame holding can only occur when hot 3 Sy
gas is present. This could occur during the reverse flow of hot gases in 4&3?
the orifice during the start-up. This gas could then be available to ignite
the liquid propellant as it passes this point later in the cycle. .w ¥
w
3
Since the initial writing of the analysis, a similar approach 0 a 4 P
similar problem was found in a paper given at the 6th International A
Symposium on Jet Cutting Technology, April, 1982. The paper, "The Coherence pyﬁgd

of Expulsive Water Jets" by Edwards, Smith and Farmer of the U.K., develops
a mechanism to explain the dispersion of the droplets created around a water
jet in air. They use the Radial Velocity gradient to compute the spin on a
free (square) drop and go on to compute the 1lift normal to its flight path
and thus its motion. Their work gives added credence to our analysis.
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