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Transient Modeling of Hybrid Rocket Low Frequency Instabilities

M. Arif Karabeyogiu', Shane De Zilwa', Brian Cantwell® and Greg Zilhiac®

Abstract

A comprehensive dynasnic mode] of a hybrid rocket has been developed in arder 10 understand and
predict the transient behavior including instabilities. A inearized version of the transient model predicted the
Jow-frequency chamber pressure oscillations that ave commmonly observed in hybrids. The somrce of the
instabilities is based on a complex coupling of thermal transients in the solid fuel, wall hest transfer blocking
duor 10 fecl regression raic and the tramsicnts ia the boundary layer that forms on the facl sarface. The
oscillation frequencies predicted by the lincarized theory are in very good agreement with 43 motor test
results obtaimed from the kybrid propulsion Kieratare. The motor test results used in the comparison cover a
very wide spectrum of parameters inchiding: 1) four separate research and development programs, 2) three
differemt oxidizers (LOX, GOX, N;O), 3) a wide rmge of motor dimensions (ic. from 5 inch dismeser 10 72
inch diameter) and operating conditions and 4) several fuel formulations. A simple universal scaling formula
for the frequency of the primary oscillation mode s saggested.

1) Nomenciature:

: Pre-cxpoacntial cocflicient
A,, A,: Port and moazle throst arcas
H Blowing psameicr

C: Specific heat of facl

- Boundary layer delay tune
cocfiicient

C;,Cq: Skin friction cocflicicnt and Stanton
manber

Cop> City™ Mezsurcd and calculzicd

N 3 sstic velocits

D: Average port diamcicr

E,: Activation caagy

E; Eg : Encrpy Parameters

S has Primary oscillation frequency, first
acoustic mode frequescy

Fr: Thermal systan tramsfor fasction

Fpe: Thermal-Combustion coupled
system transfer fanction

G,.G,: Oxidizer and total mass fhaxes

h, L, : Total and latent heats of gasification

Re, :
R . R,:
RT,. :
s:

f:

T:
.,V
U

Blowing parameter exponent
Laplace trassform of oxidizer mass
flax pertrbation

Lengh of the facl port and motor
VolA.
Oxidizer and total mass flow raie
Mass flux expomcat
Oxidizer 10 fuel ratio

Average chamber pressmre
Convective and wtal wall heat
fhaxes

Di sooal and i somal
TCEICSSIon I2iC

Reynolds sember

Specific and universal gas constants
Avcrage gas constant tomperature

Lapiace transform variable
Time

Teanperatare
Axial and normal velocities
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Port and motor volames
Axsal distance along the port
Bouﬂtyhyulhchx:s_

amphtade

Ratio of specific beats
Thermal diffusivity of focl
Fuel and averapge pas densities

Bou:hyhyumnmcnd

pj’P:

T Ty~

01,0y

issoc daring the development of a mcw psopuision
hquid sysiems bave been studicd in depth and
pachalmlcsﬁx stablc syskems have

23 Even with this extensive

resources during the desipn and tostimg phases of a
ncw sysiem Even thowgh the tramsicst operation
and instability mechanisms of kybrids have not
been explored as exiensively as the more matare
chemical sysiems, past expevieace shows that
preseat.

In fact, hybrd sysiems typically show
fimite ampinnde (ie. 2-20% s of mean chamber
pressure)  low-frequency  chamber  pressure
oscillations* ™ This most common bybrid
instabilty is i the form of limit cycle oscillations
with frequencies much smaller than the first

2
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chamber.

Eves though the exact cause of the low
frequency hybrd mstabilities is pot yot kmown, a
fow plansibic theorics exist =2, Most of the
wmuuwm

predictions with the motos icst data. The merits and
shoncomings of tbe TC couplcd model willl also be
discussed.

3) Tramsirnt Phevomena in Hybrid Reckrt
Metors:

Owr approach 10 modefing the dynammic
behavior of hybrids is 10 isolate the subsystemns of
the motor and comsider every single subsysiem
mdividaally. For a full description of motor
transicnis onc has 10 comsider the followme

subsysiems.

2) Feed System: In 2 hybrid motor, Iheﬁq:id(a'
gascous) oxidizer needs 10 be fed im 0 the
combustion chamber through a feed sysiem In
reality the feed system response timne is finite due 1o
the capacity of the clemncnts m fhe sysiem. Acosrnaie
response depends on the details of the sysiem,
which is Bkcly to be significamly differemt for
cvery design. For this reason we will bypass the
feed system dynamcs i owr mvestigations by
assuming the oxidizer paass flow rate as the input
paramctey. This s a reasomable assunnption for most
sysiemrs because solatmg clements (Le. cavitating
ventore, sonic ofifice) arc present.

b) Vaperization of the Liguid Oxisdizer:
Complete vaporization of the oxidizer droplets n
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vaporization takes place. For the purposes of this
paper we will assume that the oxidizer is in gascons
phase when it enters the port.

¢) Diffusion and Combustion in the Bommndary
Layer: It requires some time for the hybrd
boundary layer properties to adjust to the changes
in the port velocity or the fuel blowing from the
surface. The associated ics has been
discassed i detail in Refs. 13, 14 and will be
briefly covered in section 5 of this paper.

d) Thermal Response in the Solid Graim: A
chanpe in the wall heat flux 10 the bybrid facl grain
can not be followed immediately by fuel production
due 10 the finite heat capacity of the solid facl.

€) Chamber Gas Dynamics: The chamber pressue
responds to the changes in the mass flow with a
time scale proportional 10 the filling time of the
chamber. Acoustic response s also resolved i this
sub-sysicm.

In the subsegmemt sections the kst three of
these seb-sysiemss (sectioms c-€) will be modcied
and mvestigated individually. Evestually, these
subsystems will be coopled w0 give the ovendl
sysicma response. The order of magsitede estimates
of the time scales of some of the mportam
processes encomntered ia a typical hybrid motor are
listed s Table 1. In omr modelmg, solid aad
gascows kinctic times are assamed 10 be fast
compared 10 the other relevant time scales.

AlAA-2003-4463

4) Thermal Lag Moddl:

The regression rate of the hybrid fuel grain
cannot respond 0 the changes in the smface hemt
flux instantaneously due to the finite thermal
conductivity of the solid fuel. A complexe transiemt
model for a hybrid rocket system requires a
dynamic model 10 predict the regression rate history
for a given wall heat flux schedule. In order to serve
this pwrpose a thermal lag model that models the
nonlinear heat conduction in the fuel grain with a
moving boundary has been formmlated and reported
in Refs.13 and 14. The schematic of this particular
model is shown in Figare 1.

In the thermal lag model, the gasification
and pyrolysis reactions at the surface are both
modeled by an cxpomential expression of the
Arthenius type. For chemical reactions, the
exponential constant s an activation ceagy,
whereas in vaporization it is the latent heat. In order
to describe this bebavior, we assign an average
effective activation energy, E,, resulting in:

F=A e ™/ m

Here T, is the sarface iemperatnre, 7 s
the regression rate and R, s the mniversal gas
solution techmiques for the thermal lag model are
presented m Ref 13. Onc solution of mterest is
obtained by pertorbing she fall nonlineas system
use of the Laplace tramsformation scchnigue. The
transfar function between the regressim  raie
perturbation and the applicd beat flax pertorbation
can be writien as

.

Rl (-')

ZEE..:

0,9 (1+J4'.:+1) b+Eg )-2E, +2E,E, s

@

Notc that R.(s) and Q,(.v) arc the
Laplace trassforms of the nom-dunemsiona!
regression 1aie pertrbation and the wall beat flm
pertarbation, respectively. Here the following nos-
dimensiomal paameters are  defined for
convemience.

3
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The reference-state indicated by subscript “ref?
corresponds to the nominal operating point around
which the system s perturbed.

Equation 2 relates the wall heat flux to the
regression rate in the Laplace space and cstablishes
one block in our overall transient modecl that is
shown schematically in Figure 2. Various
important characteristics of 2 lincar system
including stability can be inferred from the
denominator of its transfer function commonly
referred as the characteristic equation.  This
transfer function for the thermal systcmn, which
contains a square root term, produces a phase lead
between the heat flux and the regression rate in the
low end of the frequency domain®. As it will be
discussed in the following sections, this phase lcad
capability will play a critical role in the production
of low frequency instabilities.

5) Gas Phase Combustion Maodel:

In the thermal lag model we have treated
the surface hear flux as a parameter that can
directly be controlled. However, in a hybrid motor,
the oxidizer mass flow rate is the primary input
variable that can be controlled directly. The actual
response of the motor to a change in the oxidizer
mass flow is rather complicated during a transient.
As the oxidizer mass flow rate of the motor
changes, the mass flux at a characteristic point in
the port reacts to the change as does the turbulent
boundary Jayer developed over the fuel surface. In
this section we will summarize the modeling of the
boundary layer combustion dynamics and
investigate its interactions with the thermal lags in
the solid. For the sake of simplicity, we will ignore
the radiative heat transfer to the fuel surface, which
is typically a relatively small fraction of the total
heat flux. Upless the radiation dominates the
convection component of the surface heat transfer,
the transient model developed in this paper is
expected to be valid. '

In our preliminary model we assume that
the boundary-layer response is quasi-steady,
namely the boundary-layer diffusion lag times are
small compared 10 the thermal lag times in the
solid. Under the quasi-steady assumption one can
use the classical approach” to calculate the
response of the wall heat flux to the changes in
mass flux, However, the results of classical hybrid
theory cannot be used directly during a ransient in
the solid, due to the fact that the convective heat
transfer to the wall depends explicily on the
instantaneous regression rate through the blocking

4
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generated by the blowing of the gaseous fuel from
the surface. In the presence of the thermal lags, the
blocking generates a coupling mechanism in the
gas phase between the regression rate and the heat
flow to the surface. Based on this understanding,
the classical theory can be modified to obtain a
functional relation between wall heat flux and
oxidizer mass flux-regression rate combination in
terms of non-dimensional parameters:

QTc =E, (_;on/(!-k) Rt/1-%) 3)

Note that G, = G, /(G, )y » Qe =Qc/Qrey a0 1
is the oxidizer flux exponent, k is the blowing
correction exponent first defined by Marxman (i.e.

Cy [Cy, = BY). Bere the local total mass flux that

appears in the original Marxman formmlation is
replaced by the oxidizer mass flux for convenience.
The justification for that transformation is given in
Ref. 14,

Thus far in the development of the
transient hybtid combustion theory we assumed
that the boundary layer responds rapidly to the
changes in the mass flux compared to the other
transient time scales in the rocket motor such as the
gas dynamic lags or the thermal lags. This
assumption fails to be valid especially for large
hybrid motors. In order to develop a realistic model
for the dynamics of the hybrid motor, the boundary
layer lags must be considered. Since this complex
dynamic phenomenon is extremely difficult to
investigate both theoretically and experimentally,
we consider the simpler cases reported in the
literature of an incompressible turbulent boundary
layer with no blowing or chemical reactions'. The
most important conclusion for this simplified case
is that the time required for transition from the
initial equilibriumn profile to the final equilibrium
profile at any axial location, 2, is proportional to
the time of flight of a fluid particle from the
leading edge of the boundary layer to the specific
axial location at the speed of the free stream
flow,%,. This very important result can be

formulated for hybrid boundary layers as

T =C’..'.'_‘
bl u,

@

Here ¢’ is a constant that needs to be
determincd empirically. We will call this time
required for cquilibration, the characteristic
response time of the boundary layer, 7. It is
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important to note that the physical nature of the
boundary layer transient time is not retated to the
propagation of the disturbances with the speed of
the port velocity as suggested by Equation 4. The
delay rather depends on the diffusion time scale
across the boundary layer which is proportional to
the ratio of the local boundary layer thickness to
the diffusion speed, 7, =4&/U". The diffusion
speed is defined in terms of the shear stress and

mean gas density as U” = .z, /0 . The boundary
layer delay time, after the substitution of the
standard (incompressible) turbulent boundary layer
expressions'”  for  the  shear  stress,

7, =0.02880 u_Re;®?, and the thickness,

§=0.37zRe;™?, becomes 7, =2.18Re;*! z/u, .
Here the local Reynolds number is defined as
Re. =u,zp/s. Note that the coefficient ¢’ is

found to be a weak function of the local Reynolds
nwnber. Thus, for simplicity, we assume that ¢’ is
constant, For Reynolds numbers cortesponding to
typical hybrid operation, ¢’ is estimated to be
approximatety 0.55. In a real hybrid boundary layer
with combustion and blowing, ¢! can be different
from this estimation and for that reasonm, it is
determined empirically.

For the purpose of this paper, it is
convenient to consider an average boundary layer
delay and replace the local distance z, with the half
of the grain length, L/2. Note that the empirical
copstant ¢" accounts for the correction to the
inaccurate selection of the lenmgth scale, L.
However, we recognize that in reality there is a
range of boundary layer delay times that should be
considered. Thus the significant observation here is
that a relatively broad band of oscillation
frequencies is expected as opposed to a very sharp
peak at the center frequency corrcsponding to
L12. '

In owr studies the response of the
boundary layer to the changes in the mass flux is

AMES LIBRARY
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accounted for by simply inserting time delays in
the heat-flux expressions derived under the
assumption of quasi-steady response. The
implementation of this idea in the linearized
version of Eq. 3 yields

Q(F)=0‘251(’-"%{1)—0'11{!(’-‘@11) )

where

t=tfty, Tn=tu/ty, Ty =Tha/Tu
k n
oy =(E, +1) (_l—k]’ o, =(E, +1) [m]

and T,!"—-‘If/f'z.

Here 7, and 7,,, arc the time delays

experienced by the wall heat flux (Q.) to the
changes in the oxidizer mass flux and the
regression rate, respectively. The scaling of the
time delays 7, and 7, obey the general scaling
law given by Eq. 4. However the ¢’ coefficients
for 7,;, and 7, are expected to be different since
each of these delays represents a different
adjustment mechanism for the boundary layer. The
model presented by Equation 5 is central to the
analysis in that it relates the heat conduction in the
solid to the boundary layer combustion.

6) Thermal-Combustion (TC) Coupled System

Now, with the use of Equation 5 the
thermal lags in the solid can be coupled to the
combustion transients in the boundary layer. This
coupling yields the following transfer function

between the oxidizer mass flux (f(s)) and the
regression rate (R (s)) and represent the Hybrid

Combustion block in the overall transient model
(Figure 2).

Frc (s) _ ‘;al (5) =

Tons
ZEEﬂ 0'2 e 5

TH6) Wit ds) b+ Br )-2Es +2Es s (B +ore

. ®)
)

This wansfer function (TC coupled
systeni) that reprcscnts  the  combustion
phenomenon inclides the dynamics of the thermal

5

processes in the solid and approximates the
combustion dynamics in the turbulent boundary
layer of the rocket motor. Equation 6 can be used
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to mvestigate the stabibty character of the TC
coupled system. The commonly used method 1s o
map the poles of the ttasfar fonction i the
phanc. Particularly, the real component of a certan
pole of a transfer function mdicstes amphification
1aie asocisted with that pole. Similaly the

First a sysiem with zero boundary layer
always stable. In fact plot of the trmsfer function
for a sysicm with typical paramcicrs shows o
polcs i the s plane (only a zero at (0, 0)) indicatiey
no sign of instability (i.c. Sec Figure 3L Ha
positive delay is introduced between the regressim
raic and wall heat flux, a2 scxics of umstable poles is
generated. The cxample case with 2 38 msec delay
is shown = Figwre 4. Note that all the other
paramcicrs arc kept idestical 10 the case with o
delays. Even thoagh there cxists an mfinile series
of poles generated (at the same amphification rakc)
we will only comceatraie on the pole with the
lowest frequency (fondamental mode). We belicve
a ssmple delay imsicad of the full dymamics for the
bounday layer tramsicmts. Morcover the bigher
freqgmoncy modes, cves if they exist  a ral
sysicm, arc bkely 10 be damped more effectively
compared 1o the fundamental mode.

I is nportast to idemtify the mecessay
coupled imstabilities A carefal examnsnation of the
denomnator of the wansfer fanction, Eqg. 6, shows
that for the instability 10 cxist blowing cxpomest,
k, activation energy, E, and delay tme, 7,
must be nowzero. This indicaics that the nstability
s a resnk of the cowpling of thwee physical
phenomena: blocking of beat tramsfer by radial
mjection of focl mass, thamal tamsicats i the

the TC coupled moded is shown m Figore 1.

Next we comsider the effect of various

parameiers on the TC compled instability. It cas be
shown that the cfiect of the regrescon e mass

flix exponent », hest of vaporization of the feel,
L, , the beat capacity of the solid foel, C, and the
surfacc wemperatwre, T,, on the oscillion
frequency and anplitede are neghgible for the
range of these paramceicrs that are commonly found
in hybrid systems. Ako TC coupled system
characieristics are completely independent of the

6
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sobd density > Py and the heat diffusivity n the
sobd, x .

The effect of the activation encrgy on the
amplification aad frequency is shown m Figure 5
for 7,,=38 milliscconds and £=-068. As
commonly obscrved m hybrids, ranging from 5
kcalVmole 10 60 kcaVmole, the variation m the
oscillation frequency is relatively small. The
amplification mcreases with increasing activation
cncrgy. For this specific case the systems with
activation energics larper than 3 kcal/mole show
positive amplificastion asd wastable bekavior.
Decreasced stability a8 hughcr activation cacrgics s
expected since st hogh E, valwes the surface
coupled. This couphng s one of the pecesswy
mgredients for the generation of the mstabilities. In
fact i the extreme case of E_ =0, for which the
surface temperature is completely independent of
the regression rate, oscillation frequency goes 10
mfity and the amplification goes 10 ncgative

systems that are typically used in hybrids ranges
from 10 kcal/mole t0 60 kcalmole. For the
nonpolymeric paraffis-based focl system the
m:mgysmhlbtthHmd’
vaporization™. This valec for the

focl formmlations s estimated 10 be 17 kcal/mole
(Ref. 13).

Smmilar results can be obtaimed for the
cffect of the blocking cxponent, as shown in Figore
6 for 1,;,=038 ad E_=15 kcal/molc. For the
range of values reporied im the liserature for & (e
Omm'i”thclfwofbbwngnmon
the freqouency is negligible. The amplification
ncreases with increasmmg £ and systems with &
values 045 and larper showed wastable behavior.
Note that for the physically aarcalizable case of
k=0 the mstability disappears, since onc of the
necessary coupling mechanisans s chanmated. We
finally hike to note that even though the blocking
effed m paraffin based sysiems s somewhat
reduced duc 10 the two phase character of the flow
field, 1is is still significant enough 10 establish the
coupling between the gas phase and solid phase.

The most inflecatial paramcter on the TC
coapled frequency s determimed 10 be the
boundary delay time, 1,,,. Figmre 7 shows the
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predicted frequency as function of the delay time
for three activation encrgy values, E, =5, 15 and
50 kcal/mole. As shows ia the figwre, the cfiect of
the activation energy oa the frequeacy, especially
at longer delay tincs, is small. For the pmrposes of
blowing cxpomest wil be igmored and the
frequency will be represented as a fanction of the
boundary delsy time alonc. The following corve fit

degree of accuracy and will be used for all the
hybrid systems that will be discussed lxier i this

as the chamber pressare, specific impelse ad
thrust camnot be obtaimed solely from the TC
coupled system. These vasiables can only be
detcrmined afier mtroducing a2 moded for the gas
dynamics which will be discussed i this section. A
gas dymamic model, m pracral, should vse the
oxizer mass flow ratc and the fucl mass
gencration raie as the mputs and i should yicld the
paramciers that arc more closely related 10 the
parformance of the motor such as the chamber
pressare and the motor O/F ratio as the ontpats.

hatspeuﬁcnuhl(zv-palnudel)wc

variation of stac variables along the axis of the
port. The mathematical formuolstion is obtained
afier the applhication of the conservation laws for
the three volome clements. The sai of cguatims
resembling our modcl s solved amalytically afier
linewization and as a resuh of that operation, a

AJAA-2003-4463

transfer function for the gas dynamic subsystem is
obtained. Some memerical simulations are also
performed 10 docrmine the vahdity of the
approximations used ia the portarbation solutions.
Note that a detarled description of the gas dynamic
modedl s given im the Appeadix of this paper.

The followng conclosions can be drawn
from the results of the gas dynannc model as given
in detail m the Appendix of this paper and in more
detail im Ref 13.

Figare 13 acowstic modes arc stable (wefl
damped). No uastable oscillation modes are
- The nonlincar distarbances excite the chamber
acowstic modes. Simiations showed that a
sadden pulsc i the oxidizery mass flow e
excites the acowstics modes. These modes
decay m a relatively short period. This riaging
phcnomenon  shows that the longitodinal
mxshcnntsanbednvcnbynmﬁnwbw



pressure) for some given input of oxidizer mass
flow rate, which s a fondamental control
parameter in hybrid rockets. It is fair to siate that
the TCG coepled sysicm represests the most
fundamental dyaamic behavior of a hybrd rocker

The schematic of the hybrd sobsystems
and the mformation flow between the subsysiems
in the context of TCG coupimg arc shown in
Figore 2. Note that the Jower block m the
schematic represesits the TC coupled sysiem. The
input for the TC coapled sysiemn is the Jocal mass
flux mformation and the output s the mass
generation or the regression rate. The wpper block
shows the 2V-port gas dynasnc model. The gas
mportant performance parameters soch as the
chamber pressure and specific impulse. The TCG
coupled sysicmn can be comsidered as an overall
model for the dynamics of a Inylwid propulsion
sysiesn the utilizes gaseows oxidizer which s
delivered by an isolated feed systom.

The geacralization of the TCG cowpled
sysiem to 2 hquid hybrid with significant feod
sysiem dynamics can be achicved casily. Namely
two more modnles for the Bquid dropla
evaporation and the feed system dysamics st be
added 10 the fromt end of the TCG model We
belicve tha the fondamental phosomcaon
generating the low frequescy imstabilities of hybnd
sysicms does aot involve cither of the evaporation
lags or the feed sysiem dynamucs.

In the TCG coupled system the gas
dynamic module comverts the focl mass oscillations
produced by the TC coupled sysica o the
chamber pressure oscillations. It has  beea
determimed that in the process of comversion, the
oscillations produced by the TC compled sysiem
(i.c. freqoencics and amplification ratcs) arc oot
ahered. This fact is demonstrated = Fipare 9,
which shows a2 plot of the TCG sysicm transfer
function for the TC coupled sysicm depicted
Fignre 4. The same piot also imdicates poles
associsted with the fillmp/emptying mode (fist
order mon-oscillsory modc) and the loagitmdmal

ofapsewshybndwnhadwoq)lcd fecd system.
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9) NASA Ames Paraffin-Based Moter Tests:

A promising fast burning paraffin-based
focl kas beem wesied extensively i the Hybrd
Combustion Facility (HCF) 2t NASA Ames™. The
motor outside diameter i 10 mnches and gaseous
oxypen is the oxidizer for all the tests conducted at
the HCF. The pressare time trace of a typical
paraffin-based hybrid motor test is shown in Figwre
10, whexeas the Fowner taasform for the same test
is piven im Figmre 11. Notc that the chamber
pressare traces for classical hybrids as presented in
the icrature arc very similwr i natore. As
mdicated in Fignre 10 for a particular case, the feed
sysiem and the chamber were compicrcly
decoupled for all paraffin-based motor tests used in
this paper.

The Fomrier wansform shows three brosd

peaks comespondimg to the Jow freqonency rybrid
instability, the Helmholtz mode and the first
Jongimdinal mode. it bas been generally observed
that the dominant mode, low frequency oscillations
fregaency acowstic modes. See Ref 6 for am
of the paraffin-based motors.

16) Comparisen of Theary Resulis with the
Meter Test Data

In this sectios we will compare the TC
from hybrid motor test data. In order 1o produce a
conclusive comparison, we have sciecied a lwrpe
mumber of tests form several hybrid rocket
devclopment programs. The key features of each
program is discussed bricfly in the following
paragraphs.

-  AMROC Motor Tests'": In this case the
reporied resuls are for 4 different thrust class
hybrid motors which all atilized LOX/GOX as
the oxidizer and HTPB as the focl. The data
from the AMROC tests is given im Table 2.

- HPDP 1! Inch Motor Tests™®: The oxidizer
used in these wests is LOX and GOX and the
fodd is HIPB/Escorcz formmulation. The motor
case diameter was 11 aches and the data from
5 tests used is this stady is given in Table 3.
Ounly the tests that cxiubit combestion
mstability and performed with single port
motoss are considered. The rans with the
rearward-facing sicps at the port entrance are
also excluded i this stady, stace in these tests

Amcrican Institie of Acronatics and Astronaatics



the flow field in the port is significantly altered
which may camsc a mmor change m the
boundary layer delay time coefficient. We abo
mclude test #1 of 11 ch LOX motor data ie
Ibemlyss.Wconlyemmdutslls-uis

- JIRAD Motor Tests®?: The oxidizer ased in
these tests B GOX and the foel s
HTPR/Escorez formmlstion. The motor case
deameter was 11 mches and the data from 8
tests usod m this sindy is given in Tablc 4.
Only the tests the oxhibi  combustion
nsabifity aad pesformned with single pont
motors are consadared bere.

- Arizoma StMe Usiversity™ Ome test is
mcloded in the comparison for 2 5 inch
HTPB (i.c. Sec Tabk 5).

- Paraffin-Based Motor Tests™: These tests are
confucted 31 NASA Ames s 2 10 mxh
dimneter st facility. The oxidizer was GOX
and the foel s two scparaic mompolymeric
paraffm-based formmbations (SP-12 aad SP-4)
The data farm 25 motor tests are reporied in
Table 6.

The prediction of the frequency requires
the estimation of the bowmday layer delay time for
cach test from the reportied data. Sisce the reporied
data is somewhat differest for each program
difiaent scaling lsws for the delay time mwst be
derived.

The first one of those is for the vanioes
size AMROC motors which operated at differeat
L levels. Since the information on the AMROC
motors ithat can be found m the Becrature s Honited
1o L', ¢’ and motor O/F ratio, # is desirable 10
cxpress the boundary kayer delay time, Equation 4
(with z=L/2) i scrms of those variables. The
average velocity in the port can be approxanated s

G J1+20/FY1 +O/FYRT_,
e = - ®
2F,
where R7,,. = an average value m the port

Substituting this cxpression m the delay formmia
and using the relations for the total mass flow rae
m, =G, A, and port vokume ¥V, = LA, yiclds

VP,

“ a1+ 20/ FY(+ 0/ FYRT.. - i

Ty =

9
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With the use of the total mass flow relation,

m,=F.A,[c., and the dcfinition L' =V_[A,,
the delxy equation cam be writien as
e Knou-‘y(nzan-‘)]

v oy - (10)

RT,

Here ¥V, [V, s the ratio of the port
volume t0 the motor volume, which is estimated
be approximately 0.8 for AMROC DM-01 motor.
We assame that all AMROC motors possess the
same average gas constant fomporatce product,
RT_. and volame ratio, V,/V_,-Aﬂumt‘qlha
all motors opcrate &t very smmilar OF ratios and
=p valoes, # can be stated that m the series of
tcsts the bowadary layer charactersstic delay time s
propostional to L.

In order 10 reduce data form the rest of the
1csts, a sunilar relation for the boundary Iayer delay
timc in \arms of the chamber pressare and port fhax
Jevels mmst be devived. The port velocity can be
replaced by an average valne (G, +G,\2p..
with p,, givenbythe g low F, = p_ RT,_
to yicld finally for the bomadary layer lag-

. IF
I TS

Equation 11 gives the scaling law for the
boumdary hayer delay in terms of the operating
pomnts of the rocket motor and also with the size of
mcreasing chamber pressare, port length and
decreases with increasing mass flux i the port. An
important conclasion that can be drawn from those
observations 1s that an mcrease m the chamber
pressure or a decrease im the port mass flux act 1o
decrease the oscillation frequency of this type of
TC coupled system.

The otal mass flux cam be clmmmed form

Equation 11 by introducisg the avarage oxadizer 1o
focl ratio of the motor.

. LP,

» . (12)
(2+—
O/F

Equation 12 will be used 10 reduce the paraffin-
based mosor daa.

Ty =C
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Note that equations 10, 11 and 12 ae

cquivalent and the cosstant mmbtiphier ¢ s
idemtical for all of these cxpressions.

The avenage tempersture gas constaat
product that appears m the denommator of all the
boundary layer delay time cguations s asssaned 0
be comstant for all of the LOX/GOX motor tests
that is considered m this paper. This s a fawly
good assumption since X7 s a weak faaction of
the motor O/F for the practical operating
conditicas”. In fact the maximum expecid
variation om the R7 valwes for all the LOX/GOX
tests wsed for comparison is predicted 10 be fess
than 5%. The absolute value of RT, s selecied
to be 639 10° (m/secy’ for LOX/GOX motor tests
and since the same valae s wsed for all calcuiations
any evor m R7_,. will oaly cffect the manerical

valuee of the empirical delay constant ¢’ .

In order to dombie check the R7,_ valne

used in the calculations ome could use the fixt
acoustic frequency measwred form the motor tet
data and usc that 0 cstimate the specd of soesd

and finally RT,__ based on the following equation.

7 RT,,.
S = BT 13)

AlAA-2003-4463

Here y is the ratio of the specific heats averaged
over the kength of the motor, f;, s the first
loogitudmal acoustic mode and L, is the cffective
length of the motor. For a more accwrate
calcolation the complex gas dynamsc  moded
discussed m the Appendix of this paper can be
used. Al of the NASA Amcs motar iests with 45
inch long grams had thor farst acoustic mode at
arcwad 370 Hz. For these tests with wse of =125
and L_=127 m, onc obisins RT__ of 7.1 10°
(mv/secy which is oaly 10% highes tham the
assamed value. KT, for the N;O test is selected
10 be 5.1 10° (m/sec)’. This is 20% lower than the
RT_, for the GOX/LOX system duoe 1o the low
temperatore of the N O/hrydrocarbon combustion
prodacis.

Now Equation 7 can be coupled with the
cxpressions for the boundary delays time o
evaluste the frequencies predicted by the TC
coupied model.

n—r

S-o8 v, ) lavorFYa+ 201 F) Cel,

(z+_'-]_—~—6-” = (14v)

f=
c [

O,QM—'L =048
LP,

(14a)

4
CLP.

oJF

The cscilistion freguency as a function of
the boundary delay time predicied by the TC
coupicd theory along with data form the hybed

motor development programs arc plotied in Figoee
12 Note that we have used a boundary layer dehy
counstant valkoe, ¢’ of 2.01 for all motor tests in
arder 1o obtain the best fit between the theory aad
test resnlts. Picase note that this experanental vake
for ¢’ is the same order of mapninde with the
rough cstimate (ic. ~055) for a bownday lays
with no blowing and no combustion.

conditions, the agreemen betweea the measared

coupled model predictions is surprisimgly pood
Noic that the comparison inclades 43 motar tests

e Usmg 3 separate oxidizers (ie. LOX,
GOX aad NO)

e Covaeg a2 wide ramge of motor
dunensions (i.c. from 5~ OD Arizona state
motor op to 72”7 OD AMROC motor)

e Using many different fuel compositions
(e HTPB, HTPB/ESCOREZ,
HTPR/DDIVESCOREZ, 2 paraffn-based
formulations)
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e Covering a wide range of operating
o

Equation i4a indicates that for motors
operating at the similar O/F, the oscillations

ﬁcqncncynsmvcnclypmpomonahomel. of the
motor. This conclusion is consisiemt with the
previous results reported in the bteratore. Simi by
Equation 14b shows for motos operating # ogual
oxidizer mass fluxes, chamber pressares aad OF
focl gyaim length In onder 10 prove that motor
Jength plays 3 critical role settmg the oscillation
frequency, we have plotied the Ames motor data,
which contains two ses of gram lengths, by
This resulied i am Increase m the scatter im the
graim kespth. A similar check 90 confim the
mmportamce of length cam be comdecied by
comparing the JIRAD and HPDP motor tests (e
ran with grams 102 inches long) with the Ames
paraffm tests (i.c. ran with grams 32 or 45 mches
jong) that were condocted under very simsbr
operating conditions. For cxample comparng st 8
of the HPDP program 10 paraffin based motor test

4P-01 shows that graim length mmst be imchaded o

the scalimg law in order 1o expluin the discrepancy
in the oscilistion frequencics for these tests. The
same conclusion can be drawn by compering tesi 2
of HPDP program 10 the test Ames test 41-08.

TC coupled theary predicts oscillatsons of
the repression raic/fuci mass pracration rate a0d
would be observed directly in 2 hybrid motor as the
radial osciltations of the diffusion flame within the
boundary layer. The gas dynamic model converts
the fucl mass gemeration raic oscillations o the
chamber pressure oscillations. kt #s expected that a
system operating 2 lkigher O/F ratios  would
produce less chamber pressare oscillations sisce
focl mass comstitpte 2 samller fraction of the wtal
mass cxpelicd from the nozzie. This fact B
obscrved in NASA Ames motor icsts, namely bigh
O'F motors, in geneval, presented lower amplitedes
chamber pressare oscillations compared %o the
mean chamber pressare.

The simple bncar model presented n this
paper successfully explains the pencration of small
amplide low froqeency oscillstions and the
scaling of the frequency. But it also falsely predicts
a defmitc growth of chamber pressac
oscillations. In reality, the nonlincar mechanisms
that exit m a hybrid motor would lomit the
indefinite growth of the oscillations and resalt

ATAA-2003-4463

limit cycle oscillations that are commonly observed
in motor tests. Moreover the simple theory does not
explain when these low frequency instabilitics will
mk:pbcmdwlmthciranplinﬂtswmldbe.h
has been shown in the hybrid development
prograns that the fore end configoration/volame of
the motor plays a paramount importance in sciting
the amphtude of the Jow frequency instabilitics.
The motor tests indicated that, &t least for gascous
motors, xial imjeciors result | more  stable
operation compared to the radial or comical
mjection of the oxadizer.

A nawal explamation for these
obscrvations is that the TC coupled imstability
mechanism ahmost always exist in hybrd systems,
but the amphitnde of the it cyclk oscillations will
depend on the cxcitation level by the distorbances
ia the right frequency amge. We bebieve that the
fore end fluid dymamnics (ie. voriex shedding) is
the pranay sowrce of disbarbances m a hybrid
rocket. For cxample changing the mjection schemne
of the oxidizer from axial 1o radial, may mmtroduce
a flow disturbance componemnt that i preferred by
the TC coapled system. If one assames that all the
low frequency oscillations are devcloped by the
fluid mechanics at the fore end of the motor, one
wmldﬁ!iocxph-lleluglhcﬂ’edm&e

seunmprodwethcwos\:iﬂaimﬁequmcy
Thas fact s abo difficuk t0 aplan by the
assumptions that all the osciilations are produced
from the flhuid dynamic cvents at the fore end of the
motor, since the mjection schame should alter the
flwid mechamics significantly (ic. vonex sheddimg
froquency)

We would Ike to note that most of
musical insttoments also work on the same
principle”. For example in 2 floc argan pipe the
column of air mside the pipe is set into vibration
(Le. at its natural frequencics) by an edpge tome
which is prodaced by a jct of 2w that snpinges om a
carefully designed hip. The voriex sheddimg at the
hip sets the edec 1ome which itself cxcites the
ratural modes in the pipe. Note that in the case of
an organ pipe the jet speed and the hip geometry is
carefully selected for the pipe length such that the
edge tone produced at the Ep comtams a lape
componcut 21 the sataral frequency of the pipe that
needs 0 be cxcited. Im 1his organ pipe amalog, the
lip is the forc cod of the motor (i.c. goometry,
mjection scheme, velocity eic) and the organ pipe
is the hybrid systcmn modeled by the TC coupled
theory.
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11) Conclusions:

The following conclusions can be drawn
from the results of the TCG coupled model:

(15

=039 [z+ ! ]%

OF) LP.

RT_.= 639 10° (m/sec)’ for GOX/LOX systcms
RT__= 5.11 16’ (mfsccy’ for bow cacrgy oxidizers
systems such as N,O

- This mode of mstability s comanon o all kind
of bybrids: hqoefymg or comventional flck,
bquid oxidizer or gascous oxidizers. h
reasonable to belicve that this low frequency
mode s present i every bybrid system o
some extent. Some motors are more wastable
compared 1o the others becanse these motors
do possess move disturbances to excite the TC
awhdml‘oru-pb&eomﬁm
njecior  configeration or
chamber geometry affects the scalc and the
frequeacy of the distwbaaces that would
excite the commonly observed low fregaency
mode. For this reason the design of the fore
end of the mowe has beem aitical W
controling the stability of the systes.

- Evem though the lmcar theory vay
saccessfally predicts the oscillation frequency

ofllrdnnivcrplme,nﬁikbesubﬁshm

AIAA-2003-4463

growth of the oscillations. In reality the
amphitude of the chamber pressure flucations
will be limited by nonlinear effects that are not
covered in the linearized TC coupled theory.

- It has been shown that the longitudinal
acoustic oscillations that are commonly
coexist with the low frequency oscillations can
be gencrated by the cxcitation induced by the
nonlincar waveforms of the low frequency
chamber distertbances. In short, #t s plassible
that high frequency acoustic modes are driven
by the low frequency oscillations.
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14) Appendix

In owr gas dynamic model the motor is
divided mmo four subsections: 1) pre-combustion
chamber, 2) post volume, 3) postcombustion
chamber, 4) nozzle. Exh componemd is
approximated appropriately with one or zero
spatial dimensional models. The subscripts 1 and 2
are used for the physical properties in the pre and
post combustion chumbers respectively. Vanious
stations of significance are also distinguished by
usc of subscript notation. Namcly the entrance
station of the gaseous oxidizer into the system is
represenied by a subscript o, the nozzie entrance is
denoted by n and the port entrance and exit are
shown by a and b, respectively. Our models for
these subsections are discussed in the next section.

Pre-Combustion Chamber

We use a zero dimensional gas dynamic
model for the pre-combustion chamber. Thus the
momentum cquation and the energy equations
redoce to the mean state mformation of the
pressure and temperature in this volume. But, the
mass balance equation is nontrivial and 1t can be
written as

' _..-' (AD)

Nowe that the sizze of the volume is
assumed 10 be comstant over the bum tme. We
fortber assame 2 comstast molar mass and a

polytropic process, P« p™ i the chamber. Here
n, is the polytropic cxponcat. We belicve that
these are reasonablc assamptions for this relatively
cold volmne which accommnodates neghigible
the use of the idcal gas law, cquation A1 can be
redoced to

£
rr A2
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Port Chamber

In our model we treat the port as a quasi-
1D tube with continuous mass and heat additicn.
The conservation of mass can be written as the
following differcntial equation

ap 7G

———~——-—-—+'f

A3

ét éz A3
Here s, is the mass pracrated a the axial
Jlocation z of the port. At this stage we prefer ©
express the mass generation term i the genenal
fonctional form.

L7 =f(G.z)

The mosnentum equation i the port can be writien
m terms of the local mass flux, G, the local
pressare, P and the local density, o -

3G Ac?p) 4P (€,C)6

= A
at gz dz lZA' p( 9

Note it the last torm i this cxpression s
incladed 10 capture the cffect of the skin firiction o
the force balance. Here C, stamds for the skin
friction cocflicicat a location z, 4, as the pot
arca and the C for the circamference of the porl
All the prometrical propertics are assmmed 10 be
mdependent of time and axial dimcasion. This isa
reasomble approximation for typical kybrids which
posses 2 mmiform port diameter distribution alosg
the Iengih and also a slow vaziation of the port
geomewy®.

We further assome that the ideal gas bw
bolds locally m the port.
P =pRT (A5)
The closmre of the sysiem requises the
cnergy cquation. For the sake of simphcity we
m the port.
RT(z)=(RT), + (RT), - (RT),)=/L

(A6)
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Note that for the smplicity of notation we treat the
gas comstart temperature product as a single
dependent variable.

Furthermore we assume that the gas
constant temperature prodect a1 the exit of the port
volume is a fraction of the nozzle entrance value
RT_ which can be calculated from the equibbrinm
chemistry at the operatimg OVF ratio of the motor.

KT, = foRT, (A1

Here s, is the mass flow rate entering the bot
volume and wv, is the mass flow ratc cxiting the
volume through the nozzie. Note that we have
inherently assumed that post-combustion chamber
behaves Lke a well stimed reactor with the
reactions fast compared 10 the ransient rases of
concern. Equation A 8 can be written as

V.
—mv, where a,:k; .

2 -
a —:.
2 /3
o



than the critical value ated with the
propatics of the cxpending pas. Afier these

ia-l

2 .-
-5
7. +1

Here 7, is the ratio of the specific heats of the
combustion products.

At moderate frequency oscillations (soch
as the acoustic modes of the motor), the acowstic
admittance of the mozzic must be considered and 2
mcsophmcdbchvumbenokid.ﬁr
our pwrposcs, # 1 adequaic to adapt Crocco’s

Wl

A'r-l»l'

(A1)

,:ez'.lll

3

C
"

Here k, represcuts the effect of mertia of the gas
in the convergent portion of the nozzie in cawsing a
phase difference between the oscillation of the
velocity and pressure at the entrance of the nozzle.

Co

€ 7.1 m

Thrs micgration is perfomed on the
wholc convergent portion of the nozzie. Note that
C. s the aitical sound velocity, » is the Jocal gas
velocity in the moazie, », is the gas velocity at the
nozzle catrance.

k=

Te

Equations A9 and A.11 and the idcal gas
law can be combined to relate the pressure

patwbation directly to the mass flow ralkc

is vahd for small devations from the mem  POTEEDaion 2t the cxit of the port.
chamber pressare and for moderate fregmencics.
ap, (v \drT) Ar |5 .
(az+k_)7_{((n)zJ ~ .JH‘ %, + e, (A.13)

Note that a fraction of the nozzle volame
is added 1o the post-combustion chamber volume to
account for the inerial effects of the gas in the
nozzle. For typical hybrids the effective nozze
volume is small compared 10 the posi-combustion
chznbetvohmc Wcﬁmllyndlzclhlﬁtw

the code STANJAN for the selected propellamts A
sampie calculation resakt of the product, RTc with
the motor OF ratio for HTPB-oxygen sysicm is
given in Ref. 13.

Selution Techmiques

In this section we develop small

for the system of equations derived for the 2V-port
model .

Perturbation Solutions

We docmine petmrbation  solutions
around a nominal operating poant of the rocket for
theg:sdymcsysﬂnofeqtnhmsbaibedn
the previows paagraphs. These pertarbation
solutions will be wsed t0 obtain 2 transfer fumction
representing the Encar respouse of the gas dynamic
sysicm. The transfer famction wses the omidizer
mass flow rate as the impot and the system pressure
for the owtpat. The details of the derivation are
shown m Ref. 13.

The transfer function specifically between
the oxidizer mass flux wput and the pre

combustion chamber pressare cstput can be writien
as

15
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m}{A*an n.)+2b.(Lzs+e)]ui:(AL/Z) 1

O TG 0 s 8ol e L bes - a0 ) (s + mmblAL]2)

A14)

This fonction also represents the overall natare of
the respomse for gas dymamic systemn Samilwr
cxpressions for the otber variables can be alwo
derived, bat for the parpose of our arganeats this
cxpression is adequate.

Numerical Smaiations

In order 1o check the vahdity of the
assumptions used in the pertorbation soluations, we
also perform mumerical simmlations on the 27V-port
model described in the previous section. We start
wnhtheﬁmctﬁﬂ’amngofﬁcmldum
terms and use the scoond order central
over a eniform mesh aloug the axis of the
For the tanc marching we mkmt
fourth order method. The bovadary conditions for
the port equations are abtained from the pre a0d
ramerical method wsed i the caicalstions pave
stablc and accarste results for a typical time step of
3x10 scconds and 30 mesh poimts in the port. The
details of the samerical scheme is discwssed i Ref
13.

The simulation code is apphied 10 various
transient cvemts such as the thoottling and the
resalts are discussed m the following section

Discussion of Results for Pure Gas Dynamics

The response of the gas dynamic system
for a hybrid motor cam be deduced from the gs
dynamic system tranfer fanction. For cxample, the
stability fcatwres of the system are revealed by the
roots of the desomsimator of the wamsfcr fonction
which s the characteristic cquation. However sy
investipation of the gas dynamic sysiem resposse

requires an ispwt for the combustion response that
is represented by the F7- term.

In this section we wse the simplesi quasi-
sicady combustion model. Namely, afl the transicat
eflects mcinding the thermal lags in the solid and
ako the bomdary lyar delays cxcept the gas
dypamics arc ignored i this modd. For that
reason, this moded which does not aflow amy
dynamic coupling between the sub-systems of the
mckd ls highly desirable b isolale  the

functicm is plotied m Figare 13. The operational
paramcicrs of this motor are discussed i Ref 13.
The piot shows a pole on the negative real axis and
a row of snagimary poles also s the segative real
half planc. The real pole resembies the volamctric
capacity of the chamber, whereas the imagmay
poles represent the longitndinal acoustic natare of
the cavity. Nose that all the poles have ncgative
rcal parts, namcly the both acoustic and ako the
global response compooents docay im time. The
conclesion is that the pure gas dysamic sysiem is
stable m matore.

In order 10 test the vabidity of the tamsfer
in the port. In this case the tramsfer function
simplifics 1o

RTI

6, =

(e -.M[,1 L) ,+e}+(F

(A.16)
""'Kpn' ~Aae )’-/ 2]
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After the application of the L Hospital’s rule one
obtamns the well known transfer function for 2
simple single volume system.

i |k fec)

L+ L) ste 1 541

o= (A17)

Here 1, =L [c" is the characteristic filling time
of the motor chamber. The othay paramcicrs arc
defined a5 L' =V[4, and ¢’ =T, JKT. whick
arc commonly wsed m rocket kteratere. Note that
the total volame of the motor combustion chamber
can be writien as V—-(L,+LZ+I,)A . This is the

transfcr fumction geaerally wsed (especially in the
indusiry) m kybrid dysamic modcling

AIAA-2003-4463

the filling/emptying time scale of a hybrid rocket
accaraiely. For that reasom we develop a betier
cstimate by the followng argnanent. In the region
of the s planc that the pole for the filling/emptying
process is expecied 0 be located, the following
approximations can be made.

n,;m’_’., b,=0, Azl —Fr| (A19)

transfer fonction samplifies 10

KT+ s a1 /2) 1

e, =
! {L,+L2+[I4 L2+Z/(F,r a,

e —aglL/2) sve h-mnlrr o /2]

(A.19)

Notc that since Fp- ~ a, tcm s mdependent of s, this transfer fonction represent the behavior of a2 first

order sysiem with a characteristic time of

L|+Lz+[L| Lz‘*z/‘l"n‘"%l H‘ﬁt “;I’-/z)

= € b ui‘f’n-—aJL/Zr

(A-20)

The throuling respomse for a throtlsg
ratio of 12 of the motr with the same
specifications is calonlated with differemt methods
and ploticed im Figmre 14. Figure shows the timc
vmofﬂwmdmmm

defined 713
(m:m)‘(nf—n*) where P} & the imital
pressarc and P/ is the fimal pressarc. The striking
obscrvation is that the patwbation solstion with
the filling time defined by equation A20 s in
excellent agreement with the numerical sinlation
resall. This shows that equation A 20 gives x good
estimaie for the fillmg tine of the motor chamber
within the context of the 2V-pont model. The
response accordmg 0 the simple timsfer function
1s also shown i Figire 14. h is obvious from the
hrybrid combuestion chamber is not valid.

Another observation from Figure 14 s
oscillatory bebavior in the caly stages of the
throtiling cvent. This oscillatory bebavior s duc to
the excitation of the acoustic modes of the cavity
by the distarbance cassed by the sudden mncrease in
the oxidizez mass flow rate. The oscillation
frequency and the dasyping tinc scale of this mode
of motioa s comsisicst with the loagitndinal
acoustic mode fidings for the same motor.

This kind of bchavior is conmnonly
obscrved in AMROC DM-01 motors’. Nanely, a
nonlineax disturbamce causes the well damped
oscillattion of the chamber pressae 2t the
distrhances in the actual ests are believed 10 be
cansed by: 1) a sadden blockape of the nozzic
throat area by some disimtcgraied facl fractions, 2)
the igaition of a buk of foel oxidizer mixture
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captured in the pre-combustion chamber or 3) the

We compare the predictions of our g
dynamic model for the acoustic frequencies of the
chamber with the AMROC DM-01 motor test daa.
Table 7 shows the fust five longitudina
frequencies determimed by the  perturbatin
solutions. Since our model is isothermal, these
frequencies are correcied by multiplying with the
factor of |fy . Am avcsage 7 valac of 1.2 is wsed
for the calculations Note tha the comrecid
frequencies falls im the rampe of obsaved
frequencies for every calonlated acoustic mode.

The gas dymamic code developed ©
perform samilations on the 2V-Port modd is vscd
to confim the findings of the pertavbation
solutions on the frequency response of the system.
In the simolations, sinesoidal oxidizer mass flow
rale inputs 2t vanous frequencies are applied as the
famgfmmmmdhﬂmcndﬂc-mmncd’

response of the system is also foomd to be
satisfactory.

AlAA-2003-4463

suddenly increased 10% above its operating value
and beld at fts clevated level for 0.03 seconds
before its suddenly reduced to its original value.
The pressure time history for this simmiation is
shown Figure 15. It is clear that the disturbance
to the previous observations. These exited modes
decay in 2 moderate tine scale as it was observed
in the AMROC tests. A similar simulation is
performed 10 determine the effect of nozzic
blockage on the stabilty by reducing the anzzie
throat arca for a brief pexiod of tase. The resalbis
= nature 10 the resalis of the muidizer mass flow
rase perturbation. In short, a nonlincar distarbance
canses the ringing of the hybrid chamber which
decays m tne.

Finally a simple delay (7,,,) omn the
combustion response is applied to the gas dynamic
system

Fpe =aynG™'e ™" (A21)

Both the pertarbation solutions and also
cambustion delay have negligible effect om the

stability nature of the sysiem_
The sinmistion code is also used 0
investigate the respomse of the gas dymamic sysiem
10 a disterbance. The oxidizer maws flow imput is
15) Tables and Figures:
Physical Phenomenon: Tisme Scale: Explanstion:
1) Solid phase kimetic times r. <107 sec Degradation mechamians of the
il polymer
2)Gas kinctic times -3 combestion
) Gas phase 7, <107 sec Hydrocwbon
3) Feed system response (Varics greatly from sysiem 1o Response tine of the feed system
times sysicm)
4) Evaporation times U,.k,AP) Evaporatios process of the hquid
5) Thermal Iags = sobd r"‘.,,:r/,-.l 107" sec Tk.l'.lﬂw!ﬁdmysihmﬁd
pram
6) Boundary hayer diffusion tanes Tu“u" 2107} sec Tarbuicat bosadary layer diffasion
Elyﬁxmcasclonsc) processes
3) Acoustic times (Jongitwdinal) dllc 10~ sec Propagatioa of the acoustic waves
Nagmlyﬁ!mmcmmsc)
7) Gas dygamic filling times ,ﬂxl,‘/;z“r' sec Global mass flow balance
(Varics grealy form case to casc)

Table 1: The transient time scales of various phenomena i a typical hybrid rocket. Ouly the last four are

modcled in this paper.
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AIM‘M

AMROC | O/F o - r S Tar
Meter R/scc) - (i) (Hz) (msec)
'sec.
(thrust) ( (Wsex)
S Motor 145 5584 5361 570 1n 489
(15)
Half-Scale 1.45 5584 5361 1305-1430 43 1174
(33%)
H-500 145 5584 5361 1770-2340 40 1763
(75%)
DM-01 155 5700 472 2168 235 204.8
(250K)
Table 2: Smnmary of paramesers used in the frequency estimations for AMROC motors.
Test D = G, G, P O/F| f |AP.] T
Ne. @ | Wsec) | /i | Win™- | (psi) H) | () | (msec)
sec) sec)
1 425 60 0.423 [ hY) 600 285 13 200 488
(GOX)
2 425 517 0402 0541 550 239 8 300 472
(GOX)
7 420 47 0339 0458 440 239 15 100 447
(GOX)
8 422 5.1 0365 0492 260/280] 287 20 400 255
(GOX)
1 - - o2 031 435 251 8 250 662
(LOX)
Table 3: Summmary of paramcters used i the frequency estimations for the 11 inch Hybrid motor tests.
Gram leagth is 102 inches.
Test D L », G, G, P, O/F Va AP, | tp
Ne. | (m) | ™ | (mysec) | (o | vim® | (psi) (Hz) | (%) Jmsec)
sec) | msec)
3 34 102 344 038 0517 745 26 6-10 15 665
4 43 102 336 023 0325 325 24 10-20 20 474
6 37 {124 836 078 1.024 750 32 10-15 12 337
7 53 102 341 0.15 022 335 21 6-15 15 733
4 57 102 387 015 0209 850 26 2-5 60 1917
9 6.1 102 634 028 | 0392 215 26 | 620 33 259
15 54 108 1020 045 0599 1025 3.0 4 10 £39
10 6.1 102 593 020 | 0278 215 26 | 1025 5 365

Table 4: Summary of parameters ssed in the frequency estisnations for the NASA/MSFC 11 nch Hybrid

motor tests.

Amcrican Institute of Acronautics and Astronautics
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Test D L “N G, P O/F}] ¥ Torr
Ne. | (m) | (m | @isec) | v’ | (psi) (Hz) [msco)
sec)

1 20 27 344 029 500 40 19 206

Table 5: Suomary of parameiers vsed in the fiequency estimations for the Arizona Staic Hybrid motos
fest

TestNe. | L G, P loF] 7 T
® | mwhitse) | (psi) (Hz) [msec)
4F-4 32 044 5280 397 416 135
4F-5 32 049 551.0 359 399 126
4F-1b 32 020 561.0 27n 144 297
4Fl-c 32 0.16 5420 3.06 136 36.1
4P-01 45 039 3180 269 408 123
4P-02 45 038 92938 248 132 385
4p9-03 45 0.40 939.1 265 144 356
41.-03 45 031 641.6 26 12.7 309
41.-04 45 0.52 656.7 266 236 189
4L-05 45 0.46 6493 272 19.1 212
4108 45 044 5250 264 233 179
41-01 45 038 3187 240 396 124
4?—04‘ 45 021 159.1 173 424 10.7
409 45 026 2653 1.54 203 13.7
41-10 45 043 5900 2.89 270 182
41-11 45 011 2130 156 17.8 212
41.-12 45 0.13 3010 2.01 1554 | 322
4NF-01 45 039 6022 277 2260 | 23.1
4NF-02 45 [ .74 6004 234 11.10 | 404
4NF-03 45 036 5008 29 | 23201} 214
4NF-04 45 048 5685 301 3275 180
41-14 45 043 5245 251 25.15 180
4ST-02 45 045 5400 2n 24 86 182
41-15 45 031 5555 209 1494 | 262
4Rcp-02 45 0.45 4023 263 ) 3649 ) 135

Table 6 Ssnmary of parameters wsed in the frequency estimations for the NASA Ames Hybrid motor
fesis.
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Lengitadinal Estimnsted Corrected Obsexved Estinxated
Acsustic Mede (lvothernsal) Frequeney Fregmency Amplification
Froequency 3 (Hx) (1/sec)
(Bz)
1™ 434 53.0 50-55 -2
bl 96.7 103.9 100-110 -
3™ 1426 156.1 150-165 -21
S 191.1 2093 200-220 -19
Cod 240.7 263.6 250-275 -18
Table 7: The cstimated and observed longitadinal acowstic frequencies for AMROC DM-01 motor.
]
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Figare 1: Thennal lag model and TC coupling mechanian.
Past (
. Chombar snd Mexate j 1))
X () .
()
e Y e
i Pot Voluas -——
- )
Nx) Gx)
Hyleid Combantion
N K’I) f
e — b (N il
S .

Figure 2. The schematic of the TCG coupled sysiem.
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Figure 3: Plot of the transfer function of the TC coupled system with no delays ( Ton = Tyyn =0 ). This plot
is for a HTPB system with E_ =15 kalmole.
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Figure 4: The unstable poles of the TC coupled sysiem in the s plane forr,, =0, 1y, = 38 msec. This plot
is for a HTPB system with E_ =15 kcal/mole.
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Figmre 5: Effect of activation coergy on the oscillation frequency and amplification.
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Figure 6: Effect of blocking factor cxponent on the oscillation frequency and amplification.
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Figure 7: Effect of boundary layer delay time on the oscillation frequency for various activation energies.
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Figure §: The schematic of the 2V-port model.
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Resl (Ampilfication Rate), 1sec

Figure 9: The contour plot of the TCG coupled system with 7, = 38 msec. Most of the transient features
of a hybrid sysiem can be deduced from the Jocations of the poles.
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Figure 10: Chanber and feed pressure tame traces for the paraffm-based motor test, 4L-05.
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Figmre 12: Comparison of the TCG coupled oscillation frequency prediction with the hybrid motor test

data availabie i the htersture.
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Figmre 14: The throttlmg response for the pure gas dynamic system.
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Figare 15c The respoase of the pro-combestion chamber pressare 10 a distorbance of the cxidizer mass
flow rate.
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