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TinpasnivyHi TPyOOIPOBiAHI CHCTEMH B PIAMHHUX pakeTHUX ABUryHax (PPJI) € uncineHHuMU Ta pi3sHOMaHI-
tHUMH. Y PPJ] 3 momamioBaHHSM reHepaTOPHOrO rasy BilOMi TiJpaBilidHi CHCTEMH 3MIiHHOI CTPYKTYPH, y SIKHX
i1 Yac 3aIycKy JBHTYHA 3MiHIOETHCS HANPSIMOK IOTOKIB KOMIIOHEHTIB manuea. [l HagiiiHOro 3amycky PPJ]
HEOOXiZHO 3a0e3MeUNTH [UIABHUH HEPeXijl BiJl )KMBIICHHS ITyCKOBUM MAJIbHUM JI0 XKUBJICHHS OCHOBHUM IAJIbHUM.
Meroro mieil poboTH € po3podka MiAX0oLy O MATEMaTHYHOTO MOJETIOBAHHS JHHAMIUYHHX HPOIECIB y po3raiyKe-
Hiil TiApaBIivHiil CHCTEMI JKHBJICHHS 31 3MIHHOIO CTPYKTYpor0. Po3po6ieHo MeToanyHuMiT miaxin 10 MaTeMaTHd-
HOTO MOJENIOBaHHS JMHAMIYHHX IIPOLIECIB Y PO3ralyXKeHill IipaBliyHiil cucTeMi 31 3MiHHOIO CTPYKTyporo. Bin
nepenbayac BU3HAYCHHS YaCTOTHUX XapaKTEPUCTHK KUTBKOX KOH(Irypariif ripaBiivHOl CHCTEMH, SKi peanidy-
IOTBCS Ha PI3HHX eTamnax il poOoTH, SIK CHCTEMH 3 PO3IOALICHUMH napaMerpamu. Hanani ckiagaeTbcs MaTeMaTH-
YHA MOJENb i3 30CepeKCHIMH TapaMeTpaMH, IO MICTHTh PIBHAHHS PyXy Ta HEPO3PHBHOCTI PiIHHHU y 30cepe-
JDKEHHX ITapaMeTpax. 30cepe/pKeHi MOJaTIMBOCTI PO3MIIYIOTECS y PO3PAxXyHKOBIil ripaBiiuHiii cxemi 3a3BH4ait
y MiCIAX po3ramy:KeHHs TpYOOIpoBOiB. IXHIO KilbKiCTb i 3HAUEHHS 3a[aI0Th TAKHUM YHHOM, 100 YacTOTHI Xapa-
KTEPHCTUKH CHCTEM 3 PO3IOIUICHHMMH Ta 30CEpPEMKEHUMHU IapaMeTpaMH KoKHOI KoHirypamii rixpasiigHol
CHCTEMH 3MIHHOI CTPYKTYPH Y3TODKYBAIHCS 3 33IaHOI0 TOYHICTIO. J{iis JeMOHCTpalii 3apOOHOBAHOTO MiAXOLY
PO3IIITHYTO TECTOBY TiApaBIIiYHY CHCTEMY 3MiHHOI CTPYKTypH. Bunineno nBi koH}iryparii riapaBiiqHoi cucTe-
MH: Bifl I[yCKOBOro 06a4ka [0 ra3oreHeparopa Ta BiJl BUXOJy 3 Hacoca JO0 ra30reHepatopa, [Uis SKMX BU3HAYEHO
YaCTOTHI XapaKTEePHCTUKY IJII CHCTEM 3 PO3INOJiIeHHMH napaMerpamu. [1o0yioBaHO MaTeMaTHYHy MOJENb TH-
HaMIYHHX MPOLECIB y aHANI30BaHiil TipaBIiuHiil CHCTEMI i3 30CepeKEHUMHU TapaMeTpamMu. Bu3HadueHo 3HaueH-
HS 30CepeKEHHX IOJaTJIMBOCTEll y By3/ax, IO JO3BOJISIIOTH 33/I0BUIBHO Y3TOAUTH YAaCTOTHI XapaKTEPUCTUKH 3
PO3MOAIICHNMH Ta 30CEPe/PKCHUMH MapamMeTpaMu. BCTaHOBIICHO, 110 3HAUCHHS 30CEPELKCHUX IOJATINBOCTEH
MIPAaKTHYHO He 3MIHIOIOThCA 32 Pi3HUX KOH(DIrypamiif TigpaBiiqHOl CHCTEMH, TPAHHYHUX YMOB Ta CITiBBiTHOIICHB
KOMIIOHEHTIB NaJIMBa B ra30reHepaTopi.

Knrouosi cnosa: piounnuii pakemuuti 08USYH, CUCEMA JCUBLEHHS SMIHHOI CIMPYKIMYPU, PO32ALYICEHUN 2i-
OpasIiYHUTL MPAKM, MamemMamuiHe MOOeN08aHHA, IMNEOaHCHUI Memoo, YacCmMomHa XapaKkmepucmuxa.

Hydraulic pipeline systems in liquid-propellant rocket engines (LPRES) are numerous and diverse. In
staged-combustion LPREs, use is made of reconfigurable hydraulic systems, in which the propellant component
flow directions change during an engine start-up. A reliable engine start-up requires a smooth transition from the
start-up propellant supply to the main propellant supply. The objective of this study is to develop an approach to
the mathematical simulation of dynamic processes in a branched reconfigurable hydraulic feed system. A meth-
odological framework for modeling dynamic processes in such systems is proposed. It involves determining the
frequency responses of several configurations of a hydraulic system realized at different stages of its operation as
a distributed-parameter system. The next step is the construction of a lumped-parameter mathematical model with
fluid motion and continuity equations in lumped parameters. Lumped compliances are typically introduced in the
hydraulic network model at pipeline junctions. Their number and values are selected so that the frequency re-
sponses of the distributed- and lumped-parameter models for each hydraulic system configuration may be in
agreement within a prescribed accuracy. To demonstrate the proposed approach, a test reconfigurable hydraulic
system is considered. Two configurations of the hydraulic system are set off: from the start-up tank to the gas
generator and from the pump outlet to the gas generator. For both configurations, frequency responses of the
corresponding distributed-parameter systems are determined. A lumped-parameter mathematical model of dynam-
ic processes in the hydraulic system under analysis is developed. The values of the lumped compliances at the
network nodes are identified such that the frequency responses of the distributed- and lumped-parameter models
are in satisfactory agreement. It is shown that the values of the lumped compliances remain practically unchanged for
different hydraulic system configurations, boundary conditions, or propellant mixture ratios in the gas generator.

Keywords: liquid-propellant rocket engine, reconfigurable feed system, branched hydraulic circuit, math-
ematical simulation, impedance method, frequency response.
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Introduction. Pipeline systems are widely used in industry, transportation,
construction, and municipal utilities [1]. Particularly stringent reliability require-
ments are imposed when transporting liquids and gases in the chemical and petro-
leum industries, nuclear power engineering [2], and shipbuilding [3]. The most
severe operating conditions, associated with structural vibrations of pipelines, oc-
cur in aviation and, especially, rocket technology [4, 5]. In liquid-propellant rocket
engines (LPRES), over a relatively short time interval, the pipeline systems may
first be exposed to cryogenic propellant components during filling and subsequent-
ly to high temperatures and intense heat fluxes from the regions where propellant
combustion occurs, namely the gas generators and combustion chambers.

Hydraulic and pneumatic pipeline systems in LPREs are numerous and di-
verse. Mathematical modeling of dynamic processes in these systems is subject to
the same stringent requirements as the modeling of individual LPRE units and as-
semblies. At present, mathematical simulation of LPRE operating processes shows
a tendency to focus on individual engine components [6, 7] and to incorporate an
extensive range of phenomena and effects observed at different stages of LPRE
operation [8-10]. This enables effective in-service diagnostics of rocket engines
[11], investigation of LPRE dynamic characteristics [12], decision-making on
LPRE reuse [13], and development of LPRE control loops [14].

A well-known LPRE configuration with gas-generator afterburning and non-
hypergolic propellant components employs a starting fuel for ignition [15 — 17].
This starting fuel is contained in a dedicated ampoule; after the ampoule is opened,
the fuel is supplied to the ignition cavities of the gas generator and the combustion
chamber, where it ignites spontaneously upon contact with the oxidizer. After
LPRE start and transition to the main fuel, the hydraulic path that includes the
starting-fuel ampoule is effectively shut off due to its high hydraulic resistance. In
steady-state operation, the engine is supplied with the main fuel through the prima-
ry hydraulic line.

The described ignition scheme and the transition from starting fuel to the main
fuel are based on the use of a reconfigurable propellant feed hydraulic system. For
reliable LPRE start-up, it is necessary to ensure a smooth transition from starting-
fuel supply to main-fuel supply. This transition changes the propellant mixture
ratio in the gas generator and can significantly affect the stability of turbopump
operating parameters during start-up.

The objective of this study is to develop an approach for mathematical model-
ing of dynamic processes in a branched reconfigurable propellant feed hydraulic
system during its operation.

1. Mathematical Modeling of Dynamic Processes in Branched Pipelines.
Pipeline systems in LPREs are often long and highly branched. The flow in these
systems is predominantly turbulent, and wave processes may be significant. For
most of these hydraulic systems, except for special cases, the characteristic flow
velocity is much lower than the speed of sound; therefore, the convective terms in
the unsteady momentum and continuity equations can be neglected [18]. On this
basis, mathematical modeling of dynamic processes in LPRE pipeline systems
should be formulated by solving the partial differential equations governing un-
steady flow and continuity [18]:
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where p and — are the fluid pressure and mass flow rate; t — time; z — axial co-

ordinate along the pipeline; A m — the pipeline cross-sectional area; k — the

. ) " - Lo 2-Ap-A . _
equivalent linear friction coefficient per unit pipeline length k =%; Ap —
-m

the hydraulic pressure loss; | — the length of the pipeline section; m —the steady-
state mass flow rate; ¢ — the speed of sound in the fluid flowing through a pipeline
with elastic walls.

To solve system (1), the method of characteristics is often used [5, 19]. A less
common approach is the impedance method [18], despite its successful application
to a wide range of problems related to LPRE hydraulic system dynamics. In partic-
ular, the impedance method has recently been used to model the start-up of various
propulsion systems [20], to simulate transient processes in a hydraulic system con-
taining lumped gas cavities and undissolved gas in the liquid [20], and to analyze
coupled longitudinal oscillations of the pipeline structure and the liquid.

For branched pipeline systems, the impedance method is more appropriate be-
cause it enables compact, universal models to be developed both for the initial
LPRE start-up period during filling of the hydraulic lines with propellant compo-
nents and for simulating dynamic processes during engine run-up to steady-state
regime and under steady-state conditions. When the impedance method is applied,
the solution of system (1) for a pipeline segment between nodes m and n can be
represented as a passive two-port (four-terminal) network:

8pn :bmm 'Spm +bmn 'Smmv
om, :bnm “OPm +bnn -OMm, ,

where dp,, and op,, — are the pressure deviations at the inlet and outlet of the
two-port network from their steady-state values; dm, and ém, — are the mass-

flow-rate deviations at the inlet and outlet from their steady-state values of the
two-port network; by, by, by and b,, — are the elements of the transfer

matrix of the pipeline segment, which for a distributed-parameter system are de-
fined as follows:

sh(y-I
B =Ch (1), bpn =—Zg -sh (v:1), by =—L, by =ch (v-1),

Zg
where y — complex wave propagation “constant” per unit pipeline
lengthy=+Z'Y *; Zz — characteristic (wave) impedance of the pipeline,
Zg = 5*; Z"* — hydraulic series impedance per unit pipeline length,
z" :K(j o+k);Y * —shunt admittance (conductance) per unit pipeline length,
% A * j ()] I . . -
Y " =——— j —imaginary unit; o — angular frequency.

CZ
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Using the passive two-port network representation, the input impedance
Z ., (j ) and the gain (transfer) factor W (j ) of the considered pipeline segment

can be determined when the output impedance is known Z , (j o).

Opp, (j ) _ P —bnn - Zn (Jw)
dmy, (jo) byy -Z,(Jw)—byn,

Zp(jo)=

. op, (j o) 1
W =—n\ 7 _p b, —— .
Jo) = Gy +0mn 757

The dynamic gain of the entire hydraulic system composed of pipeline seg-
ments con-nected in series is determined as the product of the gain factors of the
individual segments. At branching points where three or more segments are con-
nected, the frequency characteristics Z (j o) and are obtained from the conditions

of mass-flow balance for the incoming and outgoing flows, and from equality of
pressures in all connected branches [18].

With boundary conditions specified at the ends of the pipeline system, the im-
pedance-method approach presented enables the solution of system (1) for a pipe-
line network of virtually any complexity. The solution yields the natural (resonant)
frequencies of fluid oscillations and the results of a stability analysis for the dis-
tributed-parameter pipeline system. In contrast to the method of characteristics, the
impedance method also provides insight into the frequency range of the dynamic
processes involved.

For a reconfigurable hydraulic system, the impedance-based approach pre-
sented requires refinement. It is proposed to consider several configurations of
such a system that occur at different stages of its operation. The transition from
one configuration to another during start-up simulation is accomplished either by
the operation of the check valves or, in a forced manner, by programmatically clos-
ing some valves and opening others [21].

2. Lumped-Parameter Mathematical Model. To simulate transient process-
es in the hydraulic system during LPRE start-up, a lumped-parameter model of the
hydraulic system dynamics is commonly used [4, 20]. Its construction relies on
solutions of the differential equation system (1) obtained for the hydraulic line
treated as a distributed-parameter system. In general, the proposed approach to
mathematical modeling of dynamic processes in a branched reconfigurable propel-
lant feed hydraulic system comprises several stages.

At the first stage, the frequency characteristics of several configurations of the
reconfigurable hydraulic system that occur at different stages of its operation are
determined by treating the system as a distributed-parameter system. Next, a
lumped-parameter mathematical model is formulated, including the lumped-
parameter forms of the fluid momentum and continuity equations.

8p, =8Py +(Rpy +jd y )-8m,,
8mn :_j(*)Cm 8pm +6mmv
where R, J,, — are the coefficients of hydraulic (resistive) and inertial re-

sistance of the pipeline segment; C, — is the lumped compliance of the pipeline
segment [22-24].
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The coefficients J ,, are determined from the geometric characteristics of the
hydraulic lines, whereas the coefficients R, are obtained from engine balance

calculations or from the corresponding pressure-drop relations for hydraulic losses
[25]. Lumped compliances are typically placed in the computational hydraulic
scheme at pipeline branching nodes or at locations associated with long pipeline
sections. The values of the compliance coefficients C, are selected so that, for

each configuration of the reconfigurable hydraulic system, the frequency charac-
teristics of the distributed-parameter and lumped-parameter models match within a
prescribed accuracy over a specified frequency range.

The lumped-parameter mathematical model is then used directly to simulate
transient processes in the reconfigurable hydraulic system.

Compared with the method of characteristics [19], determining transient pro-
cesses using the approach proposed in this work includes one additional intermedi-
ate stage, namely, the evaluation and matching of the frequency characteristics of
the hydraulic system represented by distributed-parameter and lumped-parameter
models. However, this stage is not redundant, because it enables a compact math-
ematical model to be constructed that describes the dynamic processes over a
guaranteed frequency range, which is required for transient process simulation in a
reconfigurable LPRE propellant feed system.

3. Example of a Reconfigurable Propellant Feed Hydraulic System. To
demonstrate the proposed approach, we consider the simplest reconfigurable hy-
draulic system, namely the fuel feed system of the gas generator of a test restarta-
ble staged-combustion LPRE. This hydraulic system includes (see Fig. 1) three
hydraulic lines: from the starting tank ( pg ) to the branching node (p5), from the

pump outlet (p ) to the branching node, and from the branching node to the gas
generator (pgq ). The first and second lines contain check valves (labeled valve 1

and valve 2 in the scheme). The third line includes a solenoid valve, labeled valve 3,
which is intended to isolate the fuel cavity from oxidizer vapors and purge gases.

Fuel pump
Preburner Valye 3 Valve 2
Moo Titg,
— pr—
® Py
- / Starting fuel
Gaseous 1
ank
oxygen a

Mogg
Migg » Mep, Mey, Mgog, My, — fuel flow rates in the corre-
sponding sections; p;, P,, Pz — pressures at the nodes;

Pgq — Pressure in the gas generator; pg — pressure in the starting

— oxidizer flow rate to the gas generator;

tank; p, —pressure at the fuel pump outlet

Fig. 1 — Computational scheme of the feed system of the test LPRE
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m°d?Tg:(j“’) The reconfigurable hy-
15 draulic system operates as
follows. Upon a command
from the control system,
1o valve 3 is opened. At this
\/\ initial time, the pump shaft

N\

is not yet spinning up, and

05 ? the pressure at the fuel pump
\\ 3 X/ K outlet p, is much lower

00 % than the pressure in the start-
0 200 400 f, Hz ing tank pg . Therefore, the

a fuel flows from the starting

a9 P9 (o), rad tank through the branching
R node ( p5) to the gas genera-
tor. Check valve 2 prevents

fuel from entering the pump

2 S line. After ignition of the
1 propellant components in the

gas generator and sufficient

spin-up of the pump shaft,

-4
~— ] the pressure at the fuel pump
outlet p, becomes higher

than the starting-tank pres-
sure pg . Check valve 1 clo-
ses, the fuel flow from the
starting tank stops, and the
gas generator is supplied with
Fig. 2 — Magnitude (a) and phase (b) of the gain factor fuel from the pump line.

Thus, during operation of
the reconfigurable hydraulic
system, the configuration of
the hydraulic path supplying fuel to the gas generator changes. Initially, fuel flows
from the starting tank ( pg ) through the branching node ( p5) to the gas generator

(Pgg )- Subsequently, fuel is supplied from the pump (p ) through the branching

0 200 400 f, Hz

b
1 — distributed-parameter model; 2 — lumped-parameter
model; 3 — lumped-parameter model with C ; =0

ODgq /.
— Jo
5, )

node (p3) to the gas generator (pyy ). Therefore, mathe-matical modeling of dy-

namic processes in the reconfigurable hydra-ulic system under consideration re-
quires developing dynamic models for each of these two branches.

4. Results of Mathematical Modeling. The frequency characteristics were
determined for two selected branches of the reconfigurable hydraulic system: from

)
the starting tank to the gas generator%(j oo) and from the fuel pump outlet to
Ps

)
the gas generator %(] co). In evaluating these frequency characteristics, each
Pp

check valve was assumed to be either fully open or fully closed. In the fully open
state, the valve provides minimal hydraulic resistance; in the fully closed state, the
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hydraulic line containing the check valve is blocked. The boundary condition at

)
the gas generator cross-section (impedance —— 5 Pag ( jw)) was specified using the
M fgg
equations for determining the gas-generator pressure under choked discharge of
the combustion products.

ygg+1
\ dp p 2 YggL
g9 OPgg ~ ~ AggPgg
TR Tt Mogg TMgg ~Msgg: Mgy = { @
TggRggl gg dI JRagT g9 Vgg +1

Assuming m ., =const and R,,T,, =const , we obtain, where Vgg —isthe

0gg 99’ 99
volume of the gas generator combustion zone; R ¢, — is the specific gas constant of

the combustion products in the gas generator; T,y — is the temperature of the

ygg+1
\Y, A 2 Ygg—1 .
gg % ( * " |8pgq =8 gy combustion  prod-
VogRggT gg \/Rgg 99 Vgg +1
L. ucts in the gas generator;
15 Ygg — IS the specific heat
n ratio of the combustion
10 products in the gas genera-
1\/\ A tor; Ay — is the critical
05 2~ N (throat) area of the gas
L ;J K generator.
The frequency de-
0.0 .
o 200 400 f, Hz pendences of the gain fac-
55
. : tors @(J ®) and
arg 5o (1o). o Pg
0 S0
Pog (jo) for the dis-
, opp
) 3 tributed-parameter mo-dels
) are shown in Figs. 2 and 3.
“ < They were obtai-ned under
boundary conditions
6 ! corres-ponding to the nom-
k inal propellant mixture ra-
-8 tio in the gas generator.
0 200 400 f. Hz The frequency range over
6 which gain factors
1 — distributed-parameter model; 2 — lumped-parameter o, 50,
model; 3 — lumped-parameter model withC ; =0 5 —%(jo) and ggg(jw) are
P

Fig. 3 — Magnitude (a) and phase (b) of the gain factor presented was selected to

6F@(jm) include at least one reso-
P nant frequency.
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For the feedline from the pump, the resonant frequency is 459 Hz, whereas for
the feedline from the starting tank, two resonant frequencies fall within the same
range — 272 Hz and 541 Hz. This range was selected with a margin, because the
working frequency range typically considered in mathematical modeling of low-
frequency dynamic processes in LPREs does not exceed 100 Hz [4]. It should be
noted that the “gas generator-starting tank™ line exhibits a larger number of reso-
nant frequencies, which is attributed to its greater length.

When constructing the lumped-parameter dynamic model of the hydraulic
system, the large length of the “gas generator—starting tank™ line was taken into
account. For this purpose, this line was divided into three sections and therefore
includes two intermediate nodes (nodes p; and p, in Fig. 1). Another node is lo-

cated at the branching point (p;). Lumped compliances C,, C, andC,. are

placed at these nodes. In the pipelines between the nodes, the liquid is treated as
incompressible and its dynamics are described by the momentum equations. The
hydraulic resistances introduced by the check valves are determined by their effec-
tive flow areas and depend primarily on the pressure drop between the valve inlet
and outlet.
According to the proposed approach, the lumped-parameter dynamic model of
the reconfigurable fuel hydraulic system can be written as follows:
dm e,

L =pg —P1—&p/p M, 3)
dp; . .
Ci—=mMg —Mg, 4
L4t fb f12 (4)
dam .
f12 dtf12=P1—p2—§f12/P'mf212’ 5)
dp, . .
Co,—==mMy¢, —Me, 6
2 4t f12 M3 (6)
dm .
23 d'IZ =Py —P3—(Eaz +Ev1)/P Mz, 7
dmy .
prd—tp=pp—ps—(ﬁprrévz)/P'mfzp’ 8)
d . . .
C3%=mf23+mfp—mfgg’ 9)
dmj :
fgngg=P3—pgg—(§fgg +E.>V3)/p'mfzggl (10)

where p — is the fuel density; &g, &r1p0 Erzs Gips Ergg — are hydraulic resistance
coefficients determined from hydraulic calculations; J g, J 10, J 3, J 59+ Jfgg —

are inertial resistance coefficients obtained from the geometric characteristics of
the pipelines; &, &, &3 — are the hydraulic resistance coefficients of the

check valves, determined by their effective flow areas Ay, Ay, Ays:

1 £y 1 . 1
2Ay; TP 2Ay, TR 2Ays

&v1= (11)

Thus, the dynamic behavior of the analyzed lumped-parameter reconfigurable
hydraulic system is described by a system consisting of the ordinary differential
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equations (3)—(10), the expressions for the hydraulic resistance coefficients of the
check valves (11), and the gas-generator boundary conditions (2).
The values of the lumped compliancesC, , C, and C; are selected to achieve

the required accuracy in matching the frequency characteristics of the hydraulic
system obtained from the distributed-parameter and lumped-parameter models.
Figures 2 and 3 show the gain factors of the lumped-parameter hydraulic system

p op,

@(] ®) and @(1 ), obtained with the same compliance values C;, C,
5P 5pp

and C5, used for both gain factors. An analysis of Figs. 2 and 3 indicates that the

gain factors predicted by the distributed-parameter and lumped-parameter models
are in satisfactory agreement over the considered frequency range. In addition, it

p )
was found that the gain factors %(] ) and %(] ®) obtained under different
Pe Pp
boundary conditions and different propellant mixture ratios in the gas generator,
can also be described satisfactorily by the lumped-parameter system using the
same compliance values C;, C, and C5. This makes it possible to use constant

compliance values , and C5 throughout the entire engine start-up process.
Introducing compliances C; and C, into the lumped-parameter model made

55
it possible to reproduce two resonances in the frequency response %(] 0)) . The

Ps
introduced compliance values were set equal to the compliance at the pipeline
branching node.

C, =§—2=1.04, c, _%1 s,

3 3
Figures 2 and 3 also present the gain factors of the lumped-parameter hydrau-

op, 3p.

lic system@(jco) and @(jm) obtained with zero values of the lumped
oPp opp

compliances C;, and . These results indicate that, for the lumped-parameter

model describes the dynamic processes satisfactorily within the frequency range
up to 70 Hz. This model is simpler and can be used for mathematical modeling of
low-frequency dynamic processes; however, in this case the system equations take
a slightly different form. The absence of compliances implies equality of the flow
rates at the node. Therefore, to determine the nodal pressure, instead of the conti-
nuity equation it is necessary to use a set of momentum equations in which the
time derivatives of the flow rates are set to zero.

Conclusions.

1. A methodological approach to the mathematical modeling of dynamic pro-
cesses in a branched reconfigurable hydraulic system has been developed. First,
the frequency characteristics of several configurations of the reconfigurable hy-
draulic system occurring at different stages of its operation are determined using a
distributed-parameter model. Next, a lumped-parameter mathematical model is
formulated, incorporating the corresponding fluid momentum and continuity equa-
tions. The inertial resistance coefficients are determined from the geometric char-
acteristics of the hydraulic lines, whereas the coefficients of hydraulic resistance
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are obtained from engine balance calculations or from the corresponding pressure-
drop relations for hydraulic losses. Lumped compliances are placed in the compu-
tational hydraulic scheme, typically at pipeline branching nodes or at locations
associated with long pipeline sections. Their number and values are selected so
that, for each configuration of the reconfigurable hydraulic system, the frequency
characteristics of the distributed-parameter and lumped-parameter models match
within a prescribed accuracy over a specified frequency range.

2. To demonstrate the proposed approach, a reconfigurable hydraulic system
was considered, namely the fuel feed system of the gas generator of a test restarta-
ble LPRE employing a gas-generator afterburning (staged-combustion) cycle. Two
configurations of the hydraulic system were identified: from the starting tank to
the gas generator, and from the fuel pump outlet to the gas generator. For each
configuration, the frequency characteristics were determined using distributed-
parameter models. One resonant frequency of 459 Hz was identified in the pump
line, whereas two resonant frequencies, 272 Hz and 541 Hz, were found in the
longer line from the starting tank. A lumped-parameter model of the dynamic pro-
cesses in the analyzed hydraulic system was then developed. It includes one node
at the pipeline branching point and two nodes along the long pipeline between the
starting tank and the gas generator. The values of the lumped compliances at the
nodes were determined to achieve satisfactory agreement between the frequency
characteristics of the distributed-parameter and lumped-parameter models. It was
found that the lumped compliance values remain virtually unchanged under differ-
ent system configurations, boundary conditions, and propellant mixture ratios in
the gas generator.
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