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Cepen pi3HOMAHITTSI arperaTiB aBTOMaTHKU THEBMOTIIPABIiYHAX CHCTEM PAKETHOI TEXHIKH IIHPOKE 3aCTO-
CyBaHHsI 3HAMILIN 3BOPOTHI Kiananu. Haiiuacrime ix BAKOPHUCTOBYIOTH Y JIiHISIX 3alPaBJICHHS Pi3HUX €MHOCTEH,
y MaricTpajisx HaJIyBy MaJMBHHX 0AaKiB paKeT-HOCIIB, ¢ BOHH 3aM00iraloTh 3B0POTHOMY MOTOKY Ta IPOHUKHEH-
HIO MMapiB y CHCTEMH HajuyBy. Y piIMHHHX pakeTHHX ABHryHax (PPJI) 3BOpOTHI KJIallaHH BCTaHOBIIIOKOTH y JApe-
HQKHUX JIHISAX Ta B JIHIAX NPOLyBaHHs iHEpTHHME razamMu. OKpeMy yBary 3aciiyrOBYE€ BHKOPHCTAHHS 3BOPOTHUX
KJIAIIaHIB y TiAPaBIIYHUX CHCTEMaX 3MIHHOI CTPYKTYPH, Y SIKHX Iix 9ac pobotu PP/l BinOyBaeThcs 3MiHa Hampsi-
MKIB MOTOKIB piguHu. METO0 poOOTH € PO3POOICHHS MaTEMAaTUYIHOT MOZIEN AMHAMIYHUX MIPOLECIB y 3BOPOTHOMY
KJanaHi, Bepu¢ikoBaHoi 3a pesynbraramu CFD-po3paxyHKiB po3nozily THCKY Ha ITOBEpXHI TapiJKH 3aIlipHOrO
OpraHy, Ta 3aCTOCYBaHHsI Li€l MO s aHai3y MepeXiAHUX MPOLECIB y TiApaBiivHiii cucTeMi 3MiHHOI CTPYK-
Typu. s BU3HAYEHHS CWIIH i OTOKY Ha TapiIKy KJIalaHa 3alpOIOHOBAHO IIi/IXix y HaOIVDKEeHHI i3 30cepepKe-
HUMH MapaMeTpaMu, sIKAil IPYHTYEThCSI Ha OanaHci BUTpAT poOOYOl piAMHY y MPOTOUHIN YacTHHI KiamaHa. Posr-
JSTHYTO IIOTIK Y pajialbHOMY HAaNpsMKY Ha BXOJi KJIanaHa, KU 3aJIeXHUTh BiJl XOAy TapiJKH, Ta IOTIK Ha epH-
(epii 3amipHOro oprany, y By3bKiil IIUTHHI MiX KOPITycoM i Tapinkoro. s peanizamnii bOro miaxogy A0CTaTHHO
3HATH TEOMETPHYHI XapaKTEPUCTHKH KJIallaHa Ta 3HAYEHHs KOe(iLli€HTIB BUTPATH, SKi MPUUMAIOTHCS NOCTIHHU-
Mu. JIJ1s TiApaBiaivHOl CHCTEMH JKHBJICHHS MAIBHUM 3MIHHOI CTPYKTYPH, L0 MICTHUTh 3BOPOTHI KJIanaHu, po3poo-
JICHO MaTeMaTHYHy MOJeJb HU3bKOYACTOTHHX JMHAMIYHHX IIPOLECIB i BUKOHAHO PO3PAXyHKH IEPEXiHUX MpO-
neciB mig vac 3amycky PP/, ¥V mpoueci 3amycky ABUTYHA JKHBJICHHS MAJbHUM HOrO ra30reHepaTopa aBTOMaTHIHO
MEPEMHUKAETHCS 32 TOMOMOTO0 3BOPOTHHUX KJIAIIAHIB: JKHMBIICHHS BiJl I[yCKOBOTO 0ayKka 3MIHIOETHCS HA KUBJICHHS
BiJ Hacoca. Po3paxyHKH mepexiqHUX MpoLeciB BAKOHAHO IS ABOX BapiaHTIB 3aBAAHHS CHIH Aii HOTOKY Ha Tapi-
JIKy 3BOPOTHOTO KJianaHa: 3a pesyiapratamu CFD—anaiizy Ta 3a HaGJIMKCHHSIM i3 30Cepe/UKCHIMH TTapaMeTpamMu.
TlokaszaHO 3a/10BiNIbHY Y3TOKEHICTh PE3yNbTaTiB LUX PO3paxyHKiB. OOIPYHTOBAHO MOXIHBICTh BUKOPUCTAHHS
3aIIPOIIOHOBAHOIO HAOIMXCHHS 13 30CEpE/KCHIMH MapaMeTpaMy JUlsl BU3HAYCHHS CHJIM Aii MOTOKY Ha Tapiiky
3BOPOTHOTO KJamaHa Juisi MOOYJOBHM MaTeMaTHYHUX MOJEJeH AMHAMIYHUX IPOLECIB Yy TiJPaBIiYHUX CUCTEMAax
3MiHHOI cTpyKTypH 6e3 3amydenns TpynomicTkux CFD—po3spaxyHKiB.

Knwouosi cnosea: piounnuii pakemuuii 08USYH, CUCIEMA HCUBTEHHS 3SMIHHOT CIPYKMYPU, 360POMHUL K1d-
nan, mamemamuune mooemosanns, CFD-ananis, cuna 0ii nomoky piounu, 3anyck 08uzyHa.

Among the various automation units used in pneumatic-hydraulic systems of rocket hardware, check
valves are widely employed. They are most commonly used in the filling lines of different tanks and in the pres-
surization lines of launch vehicle propellant tanks, where they prevent reverse flow and the ingress of vapors into
the pressurization system. In liquid rocket engines (LRES), check valves are installed in drainage lines and in inert
gas purging circuits. Particular attention is given to the use of check valves in reconfigurable hydraulic systems,
in which the flow direction changes during the LRE operation. The goal of this study is to develop a mathematical
model of dynamic processes in a check valve, verify it using CFD simulations of the pressure distribution over the
valve poppet surface, and apply it to the analysis of transient processes in a reconfigurable hydraulic system. To
determine the flow force acting on the valve poppet, this paper proposes an approach in the lumped-parameter
approximation based on the flow rate balance of the working fluid in the valve flow passage. The model considers
the radial inflow at the valve inlet, which depends on the poppet travel, and the peripheral flow through the nar-
row clearance between the valve body and the poppet. To implement this approach, it is sufficient to know the
valve geometry and the discharge coefficients, which are assumed to be constant. For a reconfigurable propellant
feed system containing check valves, a mathematical model of low-frequency dynamic processes was developed,
and transient processes during the LRE startup were simulated. During the startup, the propellant feed of the LRE
gas generator is automatically switched by the check valves from the start tank supply to the pump supply. Tran-
sient processes were simulated for the flow force acting on the check valve poppet determined using CFD simula-
tion and the lumped-parameter approximation. A satisfactory agreement between the results of these two ap-
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proaches was demonstrated. The possibility of using the proposed lumped-parameter approximation to determine
the flow force acting on the check valve poppet was justified, thus enabling the development of mathematical
models of dynamic processes in reconfigurable hydraulic systems without resorting to computationally expensive
CFD simulations.

Keywords: liquid rocket engine, branched reconfigurable feed system, check valve, mathematical model-
ing, CFD analysis, fluid flow force, engine startup.

Introduction. Among the wide range of automation units in pneumatic—
hydraulic systems of rocket technology, check valves are widely used. They are most
often installed in filling lines of various tanks and in pressurization lines of launch-
vehicle propellant tanks, where they prevent reverse flow and the ingress of vapors
into the pressurization system [1]. In liquid propellant rocket engines (LPRESs), check
valves are installed in the lines that deliver liquid and gaseous propellant
components, as well as in drain lines, to ensure reliable isolation between the
oxidizer and fuel circuits. In reusable start LPRE systems of upper stages and
spacecraft, they are placed in inert gas purge lines between engine duty cycles [2].

The use of check valves in variable-structure hydraulic systems merits special
attention [3]. In such systems the direction of liquid flow changes during LPRE
operation. A representative example is the fuel feed system in staged-combustion
LPRE cycles [4, 5], where ignition of the propellant components is accomplished
using a starting fuel. After engine start and transition to steady operation, the feed
switches over to the main fuel.

Reliable prediction of LPRE start up performance requires validated
mathematical models of the dynamic processes in the engine systems and units. In
staged-combustion LPREs, modeling the flow direction reversal and the dynamics
of check valve operation is of particular importance.

A number of recent papers have addressed check valve operation [6 — 8]. They
consider various aspects: design and improvement of structures, methods to reduce
hydraulic resistance [6], and determination of static and dynamic characteristics [7,
9]. Various approaches have been examined for modeling the dynamics of direct
acting safety valves with a poppet closure member [10 — 13].

To tackle these problems, many researchers employ CFD analysis [6-8, 10—
15]. For example, [6] performed CFD modeling of a poppet type check valve in
ANSYS Fluent to select an adequate turbulence model for accurate prediction of
hydraulic losses. Paper [7] focuses on improving the discharge characteristics of
an adjustable check valve and reducing pressure losses. The dependence of the
valve flow coefficient on the working fluid volumetric flow rate was established.
The authors of [10] highlight two principal CFD approaches for modeling flow
forces in hydraulic valves. The first fixes the position of the moving part (no
motion), used in both steady and unsteady regimes. The second accounts for
motion of the closure member under flow action and is implemented via FSI
modeling (fluid—structure interaction), which tracks fluid—solid interaction. The
first approach is used in [11, 12] to evaluate force distribution over a safety valve
poppet. An example of the FSI approach is [13], where user defined functions
update the poppet position at each time step based on flow and spring forces.
Study [14] describes direct and indirect methods of CFD modeling for a poppet
type safety valve. Boundary conditions were inlet and outlet pressures: in the
direct method the outlet pressure is kept constant, while in the indirect method
both inlet and outlet pressures are varied. The authors of [15] developed a CFD
model of a poppet valve that reproduces its behavior in both steady and transient
regimes. Pressure and flow rate were prescribed for steady runs and fixed pressure
for transients.

Although FSI models reproduce valve dynamics with high fidelity, they are
computationally expensive. In large hydraulic systems where a check valve is only
one of many components their use is constrained. Lumped parameter models are
widely used in such cases. They capture system dynamics with far lower
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computational cost. A combined approach is the most rational: local hydrodynamic
effects (pressure forces, flow coefficients, etc.) are obtained from CFD, while the
overall system dynamics are computed using a lumped parameter model. This
approach is implemented, for example, in [8], which investigated hydrodynamic
effects leading to undesirable water hammer in pipeline systems. The present work
adopts a similar combined approach.

The objective of this work is to develop a mathematical model of the dynamic
processes in a check valve, verified against CFD results for the pressure
distribution over the poppet surface, and to apply this model to analyze transients
in a variable structure hydraulic system.

Reconfigurable fuel feed hydraulic system. The objects of study are check
valves in the fuel feed hydraulic system of a reusable start LPRE. Ignition of the
propellant components is provided by gas-dynamic igniters [16, 17]. Their operat-
ing principle relies on the Hartmann—Sprenger effect [18]. A fragment of the com-
putational scheme of the variable structure fuel feed system under study is shown
in Fig. 1. The scheme includes feed lines connecting the gas generator, starting
tank, fuel pump, and two check valves. At the initial stage of start, fuel is delivered
to the gas generator from the starting tank. After ignition in the gas generator the
turbopump shaft spins up, the fuel pump builds high pressure, and the check valves
close off the flow from the starting tank and open the pump feed.

The check valves are identical in design and characteristics. Their computa-
tional scheme is given in Fig. 2. To reduce the region of unstable valve behavior
during engine start the radial clearance between the poppet and the body has a
minimal area. This design feature increases the flow force acting on the poppet
from the inlet side even at small clearances between the poppet and the seat. In
addition, the inlet nozzle diameter is smaller than the seat diameter. This must be
accounted for in valve hydrodynamics because the flow turns before entering the
annular clearance between the poppet and the seat.

Gaseous Fuel pump
oxygen Preburner Valve 3 Valve 2
Mogyg ‘ My, Py . 'hl':'
2 «— = «
. P
p:',li
Starting
fuel tank
Pu

Mogg — OXidizer flow rate to the gas generator; Mgqq, Mg, , Mg, — fuel flow rates in the
respective branches; p;— pressure at the branching node, Pgg — 9as generator pressure;
pg — starting tank pressure; pp — fuel pump discharge pressure

Fig. 1 — Schematic of the gas generator fuel feed system
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1 —body; 2 — poppet; 3 — spring; 4 — baffle; 5 — seat;
ds— seat diameter; d, — inner body diameter;
dp— poppet diameter; Pj,, Pyt — fluid pressures at the valve inlet and outlet

Fig. 2 — Schematic of the check valve

Mathematical model of the dynamics of the reconfigurable feed system.
The low frequency mathematical model of the gas generator feed system under
study (see Fig. 1) comprises: a lumped parameter model of the hydraulic lines, an
equation for the gas generator pressure, and equations of motion for the check
valve closure members. To build the dynamics model of the hydraulic lines, we
used an approach developed for extended, branched pipelines [4, 5]. First, the fre-
guency responses of the different branches of the hydraulic system are obtained by
the impedance method for a distributed parameter system. Next, a lumped parame-
ter model is assembled whose coefficients are chosen so that the frequency re-
sponses of the distributed and lumped models agree within a specified accuracy
over the target frequency band.

Following this approach, the nonlinear lumped parameter model of the dynamics
of the variable structure fuel feed hydraulic system takes the form of equations (1) — (5)

fp%= Po— P —(Efp +Ev2 ) /P M (1)
Jfbdroil]—tﬂ)= Py = Pr— (& +Eva)/P My, 2
Cl% = Mgy + Mey —Megg 3

Jtgg dn;% = Py~ Pog —(&1gg +Eva)/p- Mg, (4)
ygg\ézzggdz?g =Mygg +M =My, (5)
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Ygg +1

g = Ayg Pyg Ygg{ 2 Jyggl’
v RagTgg Ygg +1

here p — is the fuel density; myg, — is the oxidizer flow rate supplied to the gas
generator; Mgy, — is the mass flow rate of combustion products leaving the gas
generator; &g, &gy, Efgg — are hydraulic resistance coefficients obtained from
hydraulic calculation; pr, NP Jfgg — are inertial resistance coefficients
determined from the pipeline geometry; &1, &y», &3 — are hydraulic resistance
coefficients of the check valves determined by their effective flow areas; Vg, is
volume of the combustion chambers in the preburner; Ry, is specific gas constants
of the combustion products in the preburner; Ty, is temperature of the combustion
products in the preburner; vy, is adiabatic indice (ratios of specific heats) of the
combustion products in the preburner; A,y is critical nozzle throat area of the

preburner; C; is concentrated compliance.
The motion of each check valve poppet is governed by the equation of motion:

d?x
dt_z = Friow — I:sp , (6)

mms

here m,,s — mass of the moving parts; x — poppet lift; Fg, — flow induced force
on the poppet; Fs, — spring force; dry friction is neglected due to its small
magnitude.

The flow-induced force Fgq, = Fy, + Fimp is represented as the sum of a stat-
ic component F, and a momentum (reactive) component F,,. Since the momen-

tum component is relatively small compared with the static one, only the static
component is considered in the following analysis; for brevity, it will be referred
to as the flow force.

To evaluate the flow force Fp,, the pressures at the inlet p;, and outlet py;

of the check valve are used. These pressures are computed as functions of the pres-
sure in the adjacent network node and the liquid mass flow rate through the valve:

_ 2 dry
Pin = Pni —&inij/PMij ~Jinij g )
2 dri; ;
Pout = Pnj+Sout i,j/p‘ M+ Jouti T (8)

here p,; and p,; — are the pressures i-th and j-th — at the upstream and
downstream nodes of the hydraulic network, respectively; m;;— mass flow in the
corresponding pipeline segment; &;nj; and &qyjj — are hydraulic resistance
coefficients of the upstream and downstream segments; Jj,;; and Joyjj —are the
corresponding inertial resistance coefficients.
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Determination of the flow force on the check valve poppet. To determine
the pressure distribution over the poppet surface at different valve openings, we
performed CFD analysis of the working fluid flow. The calculations were carried
out in SOLIDWORKS Flow Simulation using a steady state approach for fixed
poppet positions. The geometric model of the flow passage reproduced the critical
regions: the valve seat, the sealing element, the clearance between the poppet and
the body, and the inlet and outlet ducts.

In the CFD model, the mesh was locally refined in the narrow clearance be-
tween the poppet and the seat and in the zone where the jet forms in the annular
clearance between the poppet and the body. The minimum cell size was 0.005 mm,
and the total number of cells was about 9000000.

The valve walls were stationary with a roughness of 20 pm. The poppet was
modeled as a stationary wall fixed at the specified lift. In all runs, the downstream
pressure behind the poppet p, was held constant at 0.1 MPa.

The CFD solutions yielded pressure and velocity fields in the computational
domain for a set of poppet lifts and pressure differentials. Using these data, we
obtained the dependence of the flow force F,  on the poppet as a function of lift
for different pressure differentials Ap = p;, — poyt across the valve. This depend-
ence for Ap=0.10 MPa is presented in Fig. 3.

Fpr, N
30 2
2.
T T i
20 —
4
10
T
‘) 1 1
0.0 0.1 0.2 ==
ds,
Pin + Pout

1-CFD;2- Py ="Pin:3- Pm="Pout:4- Pm = 5 ;5 — Py by equation

(12) a9 =0 and ayg =0; 6 - p,, by equation (12) a;5 =0.25a, and ayy =0

Fig. 3 — Dependence of the static component of the flow-induced force Fpr on the

valve poppet lift )N(:di at Ap=0.10 MPa
S

At small lifts the dominant hydraulic resistance is the narrow throttling clear-
ance between the seat edge and the poppet, and the flow force increases almost
linearly with lift. As the valve opens further, the principal throttling element be-
comes the annular clearance between the poppet and the body, which then ac-
counts for the largest portion of the total pressure drop.
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An engineering approximation for the static component of the flow force on
the poppet is commonly used [19]:

For = (Pin — Pout) - Aeff »

here p;j, and pg, — inlet and outlet pressures of the check valve; Ay — effective

area of the poppet.
In rough estimates Ay is sometimes taken as a constant equal to the seat area

or the poppet face area, depending on the design. For higher accuracy, however,
Agss Must be treated as a function of the pressure differential and of the clearance

between the poppet and the seat.
In [20] the flow force is accounted for through a semi empirical lift coefficient
expressed as a function of poppet lift c; , which corrects the difference between the

actual force Fy, and the simple pressure difference force acting on the poppet area

Friow = (Pin — Pout) - fs - Cf -
In [14], the flow-induced force F, Was expressed in the form:

Friow = &(Pin +p-UZ 1 2) +y(Pout +p-U3 /2) +pm,

where o and y — coefficients have units of area and represent the effective poppet
area on the inlet and outlet sides, respectively; p — coefficient accounts for the flow

velocity in the clearance. These coefficients are obtained from CFD calculations.

To capture the pressure non uniformity more accurately, we apply a split sur-
face approach that accounts separately for the pressures acting on different parts of
the poppet. For the present valve, using the computational scheme in Fig. 2, the
flow force F,, can be written in the form:

For = Pin - A+ Pm (A = A) — Pout * Ap )

where A, — seat area, A5=n'd32/4; Ap — poppet face area, Ap :n-d§/4; dp -
poppet diameter; p,, — pressure in the annular cavity A bounded by the area
(A= A).

If, in (9), one sets py, = Py, the resulting flow-induced force F, becomes

constant, which fails to reflect its variation from the CFD results (see curve 2 in

P

, - in +
Fig. 3). A similar outcome occurs for p,, = poyt O Pm ='”Tp°“t (see curves 3

and 4 in Fig. 3).
To reconcile the force Fy computed by equation (9) with the CFD results, the

flow passage of the check valve from inlet to outlet is split into two segments. Ne-
glecting the compliance of cavity A, the momentum equations for these segments
are written as:

Pin = Pm + (210 +al)mlz’ (10)

Pm = Pout +(a20 +a2)m§ ’ (11)
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where &, a, — pressure-loss coefficients determined by the minimum effective
flow areas on the segments
1 1

s 2 T

2p(mA) 2p(n2Ay )
A,y — are the area and the discharge coefficient of the annular clearance be-
tween the poppet and the seat

&

A =m-dg-X;
Ay, 1, — are the area and the discharge coefficient of the radial clearance be-
tween the body and the poppet
Ay =m-(df —df)/4,

dy — is the inner body diameter; a;;, ayy — additional pressure-loss coefficients
accounting for turning, local, and friction losses (unlike a and a,); my, m, —
mass flows in segments 1 and 2.

Assuming iy =m,, (10) and (11) yield an expression for the pressure in cavity
A'interms of py,:

1 1
pin a t— |t pOU a L ——
{ “ ZP(HzAz)ZJ tL v 29(”1&)2}

P o + ! +ay + ! | 4
ot ottt — 5
2p(mA) 2p(n2hy)

Using pp, from equation (12) to compute F,, with &, =0 and ay, =0 pro-
duces the curve in Fig. 3 (curve 5), which reproduces the qualitative increase of
For with poppet lift observed in the CFD results. Including additional pressure
losses on the first segment g =0 Yyields satisfactory quantitative agreement be-
tween the predictions of equations (9) and (12) and the CFD results; this is illus-
trated by curve 6 in Fig. 3 (obtained for representative values of &, =0.25a, rela-
tive to the segment-loss terms).

Satisfactory agreement for F,. was also obtained for other pressure differen-

tials across the check valve (see Fig. 4).

Fpr, N
30 I -
2 ———
-~ I -,,'
Ap=0.14MPa
l bl
20 F—AF e TN\
V/ "2 ‘ Ap=0.10MPa
/‘/v/,/ Ap ..(I),USMI‘H
10 F /4 i t
W/ 2 o
o > ) Ap=0.02MPa
7 A —_—
e

0.0 0,1 0.2 g=X

dy

1-CFD; 2 - py, by equation (12) for g =0.25a, and ayy =0

Fig. 4 — Dependence of the flow force Fpr on poppet lift X = di
S
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4. Results of transient simulations.For the transient simulations of the LPRE
gas generator feed system, the boundary conditions were: a constant pressure in
the starting tank pg, the oxidizer flow rate to the gas generator gy, and the fuel

pump discharge pressure p,. The increases in oxidizer flow rate and in pump dis-

charge pressure were prescribed as linear functions of time, which reflects the
physics of start up: a progressively increasing oxidizer supply and a gradual pres-
sure rise in the pump line as the turbine spins up.

Transient calculations for the variable structure fuel feed system during engine
start were performed using the mathematical model (1) — (8). In this model, the
flow induced force acting on the check valve poppet, F , was either taken from

CFD analysis or approximated by the lumped parameter method using equations
(9), (12).

At the initial stage of start, fuel is supplied to the gas generator only from the
starting tank and reaches its maximum values. This occurs because there is no
counter pressure in the gas generator. After ignition in the gas generator and tur-
bine spin up, the pressure behind the pump begins to rise. When the pump dis-

ﬁin I’ ﬁ\nu | 'Al 'mlh
1.6

gy A | Four
/ R

08

0.4

0.0 .

0.0 i e -
a
ﬁin I’ ﬁ\)ul I-“11.771 b
1.2
T 1 0 1
el | E PP ; i
R ek ilanail ———
I ——t 2 My A
L;\ |7 1 >A
in
Poutl 4N
04 p——nu_] ’
T |
AA— (
0.0 . A PR
0.75 0.77 0.79 . o
b

a — time window 0-1.2 s; b — time window 0.75-0.83 s; solid lines — flow
force Fpr from CFD; dashed lines — flow force Fpr from equations (9), (12)

Fig. 5 — Evolution of check valve 1 parameters during LPRE start up

charge pressure reaches a certain level, the fuel feed switches to the pump. This
switching is automatic and is performed by check valves 1 and 2.
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Figures 5 and 6 show the operating characteristics of the check valves during
start up: time histories of the relative fuel mass flows (rﬁfp : rﬁfb ), the relative inlet

pressures ( Py, Pin2 ) @and outlet pressures ( Py Pouto ) OF the check valves, and

the relative effective flow areas (A, A,) of the valves (normalized by their maxi-
mum values). Relative flow values were defined as the ratio of the current fuel
flow to the maximum fuel flow in the gas generator. The reference pressure level
was the gas generator pressure at the nominal operating point.

Analysis of Figs. 5 and 6 indicates that closing of valve 1 and opening of
valve 2 begin simultaneously at 0.76 s. This is accompanied by a decrease of the
flow through valve 1 and an increase through valve 2. The opening of valve 2 un-
der a steadily rising pump discharge pressure proceeds monotonically, without
poppet oscillations (see Fig.
6). In contrast, the closing
of valve 1 under the action
of backpressure p; is non

monotonic and is accompa-
nied by oscillations of the
poppet lift (see Fig. 5). This
behavior of valve 1 lift is
caused by the fact that par-
tial throttling and flow re-
duction through the valve
lowers the pressure at p;.

The drop can be sufficient
to drive the poppet toward
reopening. For wvalve 1
these conditions occur at
0.8 - i — 0.776 s, 0.786 s, and 0.800
f—a—" ‘””""Q':’.'“_“a: il s. Fast chattering of the

e valve 1 poppet produces
04 } ] local disturbances and tran-
= sients not only in the
, i, branch of valve 1 but in the
0.0 — : : entire hydraulic system.

175 7R R (A . .
i? Wis A b4l The transient simula-

a — time window 0-1.2 s; b — time window 0.75-0.83 s;  tion results obtained using
solid lines — flow force Fy, from CFD; dashed lines —  CFD based flow forces and
those using the lumped pa-
rameter approximation
agree well overall. A dif-
ference is observed for the
force F, on the poppet of valve 1, which leads to different actuation times. The

P2 Pour2- A2, 'hfp
1.6

08 F

04

0.0
0.0 0.4 0.8 Is

2 Pyyr2-A2.Mmgp
1.2

i,

o
Pout2

flow force F|[JIr from equations (9), (12)

Fig. 6 — Evolution of check valve 2 parameters during
LPRE start up

largest difference in the onset time of actuation, corresponding to complete closure
of the valve, does not exceed 0.0021 s.
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The proposed lumped parameter method for approximating the flow induced
forces on the poppets of check valves enables the development of mathematical
models of variable structure hydraulic systems and transient analyses with suffi-
cient accuracy without resorting to costly CFD calculation.

Conclusions.

1. An approach is proposed for determining the flow induced force on a check
valve poppet using a lumped parameter approximation based on a balance of the
working fluid flow rates in the valve passage. The model considers a radial inflow
at the valve inlet, which depends on poppet lift, and the peripheral flow in the nar-
row clearance between the body and the poppet. To apply this approach, it is suffi-
cient to know the geometric parameters of the valve and to use discharge coeffi-
cients taken as constants.

2. For a variable structure fuel feed hydraulic system containing check valves,
a low frequency mathematical model of the dynamic processes was developed, and
transient calculations were performed for LPRE start up. During start up, the gas
generator fuel feed automatically switches from the starting tank to the pump via
the action of check valves. Transients were computed for two variants of the flow
force model on the check valve poppet: one based on CFD analysis and one based
on the lumped parameter approximation. The two approaches showed satisfactory
agreement.

3. The feasibility of using the proposed lumped parameter approximation for
the flow induced force on a check valve poppet has been substantiated for con-
structing mathematical models of dynamic processes in variable structure hydrau-
lic systems without the need for labor intensive CFD calculations.
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