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A FLUID TRANSIENT ANALYSIS FOR THE PROPELLANT FLOW
IN A MONOPROPELLANT PROPULSION SYSTEM

Jongwon Chae'

BAFAA FANZRE HEA5A A4
MEH

A fluid transient analysis for the propellant flow in a monopropellant propulsion system is conducted by
using the method of characteristics(tMOC). It reviews algebraic simultaneous equations method and Cramer's
rule method utilized to drive the compatible and characteristic equations to understand MOC extensively. The
identification of fluid transient phenomena of propulsion system of Koreasat 1 is carried out through
parametric studies. The valve response time is one of the dominant parameters governing the fluid. transient
phenomena. The results show that the shorter closing time induces the greater pressure response amplitude.
And it shows that the installation of in-line orifice is effectively to limit the fluid transients in rapid valve
response time and at high pressure. But it seems that the effect of orifice weakens at slow valve response
time and at low pressures.
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1. INTRODUCTION

Fluid transient analysis essentially consists of solving
the governing equations for a wide variety of boundary
and initial conditions, and system topologies. Since the
equations cannot be analytically solved, many methods
have been developed over the years. The method of
characteristics is usually adopted for transient
phenomena analysis. Its strong point is to transform the
two partial differential equations(PDEs) of continuity
and momentum conservations into four ordinary
differential equations(ODEs) that are solved numerically
using finite difference techniques[1,2,3].

A fluid transient analysis for the propellant flow in
a satellite propulsion system is needed to verify the
design of propulsion system. This work is not to verify
the design of propulsion system of Koreasat 1 but to
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identify it through parametric studies. Main parameter
is the thruster valve operation time, and given
conditions are pipeline materials and number of
pressure drop devices(i.e. filters, latching isolation
valves, etc.) and pipelines, their lengths and topologies.
They are fully considered in a model to analyze fluid
transients.

2. DERIVATIONS

21 BASIC DIFFERENTIAL EQUATIONS FOR TRANSIENT
FLow
The  one-dimensional
equations are given by

unsteady  pressure  flow

f
H +V +—VV|=0
$H V55V (1)
2
H+%v, =0
8 )]
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where f is the Darcy-Weisbach friction coefficient.
The momentum equation (1) and continuity equation (2)
form a pair of quasi-linear hyperbolic partial differential
cquations in terms of two dependent variables,
velocity(V) and hydraulic-grad-line elevation(H), and
two independent variables, distance along the pipe(x)
and time(t). The equations are transformed into four
ordinary differential equations by using the method of
characteristics. The subscripts x and t denote partial
differentiation(ie., H,=0dH/dx). In the following
section the derivation of four ordinary differential
equations are reviewed and based on[l] and[4] in order
to understand the method of characteristics extensively.

22 ALGEBRAIC SIMULTANEOUS
CALCULUS
The simplified equations of motion and continuity
are identified as L; and L, [from Egs. (1) and (2)]:

EQUATIONS  AND

_ S vl
L=gH +V + 5D 144 )
2

L2H+V0
8

@

These equations are combined linearly using an
unknown multiplier A:

L=L+A1L,

2
=gH _+V, +LV|V|+/1 H+Zv,
2D g

_1( —+H) (vx/la—2+v,j+—ﬂv1v|
A g 2D )
=0

Any two real, distinct values of A will again yield
two equations in terms of the two dependent variables
H and V that are in every way the equivalent of Egs.
(1) and (2). Appropriate selection of two particular
values of A leads to simplificaion of Eq. (5). In
general, both variables H and V are functions of x and
t. If the independent variable x is permitted to be a
function of t, then, from total differential of calculus,

dH g dx VL ds
Y dt ., dt dt (6)

Now, by examination of Eq. (5) with Egs. (6) in
mind, it can be noted that if

MZ

dx

k-4
d A g Q)
Eq. (5) becomes the ordinary differential equation

J9H  dv f

55 V=0
dt dt

®

The solution of Eq. (7) yields the two particular
values of A,

A=t

Q o

®

By substituting these values of A back into Eq. (7),
the particular manner in which x and t are related is
given:

4+
a0 (10)

This shows the change in position of a wave related
to the change in time by the wave propagation velocity
a. When the positive value of A is used in Eq. (7),
the positive value of A must be used in Eg. (8). A
similar parallelism exists for the negative A\. The
substitution of these values of A into Eq. (8) leads to
two pairs of equations which are grouped and identified
as C+ and C- equations.

gaH  dv +——V(V| an
Ct: a dt dt

E“"'a | 12

dr (12)

B Ly=o (13)

c-- a dt  dt

dx _

o= (14)

Thus two real values of A have been used to
convert the original two partial differential equations to
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two total (ordinary) differential equations, Eqs. (11) and
(13), each with the restriction that it is valid only
when the respective Eqs. (12) and (14) are valid.

It is convenient to visualize the solution as it
develops on the independent variable plane (i.e., the xt
plane). Inasmuch as a is generally constant for a given
pipe, Eq. (12) plots as a straight line on the xt plane;
and similarly, Eq. (14) plots as a different straight line
as shown in Fig. 1. These lines on the xt plane are
the "characteristic" lines along which Eqs. (11) and
(13) are valid. The latter equations are referred to as
compatibility equations, each one being valid only on
the appropriate characteristic line. No mathematical
approximations have been made in this transformation
of the original partial differential equations. Thus every
solution of this set will be a solution of the original
system given by Egs. (3) and (4).

2.3 A METHOD BASED ON CRAMERS RULE

Rearrange the system of quasi-linear equations given
Egs. (1), (2) and (6) as

L
gH, +V, =~ vv|

(15)
&
H+—V =0
g (16)
dH =H dx+ H dt an
dV =V dx+Vdt (18)

Egs. (15) through (18) constitute a system of four
linear equations with four unknowns (H,, H, V, and
V). These equations can be written in matrix form as

8 0 02 1 Hx _l_V“/‘
o 1 % o|mH, 2D
g =
d dt 0 oY dH
0 0 & arlV av (19)

Let [A] denote the coefficient matrix.

¢ 0 0 1
2
01 % o
[a]= g
dc dt 0 0
0 0 dx dr (20)

t A

Fig. I Characteristic lines in the xt plane

Let us solve Eq. (19) for the unknown Hx, using
Cramer's rule. To do this, we define the matrix [B] as
the matrix [A] with its first column replaced by the
column vector on the right-hand side of Eq. (19), ie.,

Lyl 0 0 1
2D
2
a
Bl= 0 I — 0
(8] "
aH  di 0 0
@1
av 0 dr dr]

Denoting the determinants of [A] and [B] by IAl
and IBI, respectively, Cramer's rule gives the solution
for Hx as

! 2)

Recall from linear algebra that, if a square
coefficient matrix for a set of n linear equations has a
vanishing determinant, then a necessary condition for
finite solutions to exist is that when the RHS is
substituted for any column of the coefficient matrix,
the resulting determinant must also vanish(cf., the
Cramer's rule for solving linear systems of equations).

If only IAl were zero, then Hy would be infinite.
However, the definition of a characteristic line states
that Hy be indeterminant along the characteristic, not
infinite. Thus, for Hy to be indeterminant, Bl in Egq.
(22) must also be zero. Then, Hy is of the form

L

H =t=
Al o (23)
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namely, an indeterminant form which can have a
finite value. Hence, from Egs. (20) and (21)

g 0O 1
2
o1 2 o
4= g |=0
dx dt 0 O
0 0 dx dr 24)
——V|v| 0 1
2
B=| o0 1 £ ol=0
4
dH dt 0 0 s
v 0 dx dr @)

Expansion of the determinant in Eq. (24) yields a
characteristic line as Eq. (10). Expansion of the
determinant in Eq. (25) yields an ordinary differential
equation in term of dH and dV, where dx and dt are
restricted to hold along a characteristic line. The
equation for the dependent variables H and V which
comes from Egq. (25) is called the compatibility
equation as Egs (I11) and (13). It is an equation
involving the unknown dependent variables which holds
only along the characteristic line; the advantage of this
compatibility equation is that it is in one less
dimension than the original partial differential equations.
Since the governing equations given in this paper are
partial differential equations in two dimensions, then the
compatibility equation is in one dimension-hence it is
an ordinary differential  equation-and the "one
dimension" is along the characteristic direction.

24 A MEmOD BASED ON FEIGENVAIUES OF THE
SYSTEM
The eigenvalue method is based on a display of the
system of partial differential equations, Egs. (1) and (2)
written in column vector form.
Defining W as the column vector

{ :l
W=
vV (26)

the system of equation given by Egs. (1) and (2) can
be written as

g 0 S
at a_W.;.,:O 1}8W _?EVM

or
oW oW —LV(V[
(K] 2 +[M)===\"2p
X ot 0 (28)

where [K] and [M] are the appropriate 2 x 2 matrices
in Eq. (27). Multiplying Eq. (27) by the inverse of
[K], we have

LN LA b i

ox ot 0 29)
or
ow ow oL
2 VIS =[x} 4
2 (30)

where by definition [N]=[K]'1[M]. The eigenvalues of
[N] are precisely the slopes of the characteristic lines
and determine the classification of the system. If the
eigenvalues are all real, the equations are hyperbolic. If
the eigenvalues are all complex, the equations are
elliptic.

The eigenvalues of [N] is examined as

[N]=1K]"'[M]
-1 1
HAE Y
O gl ttole (31)
a
‘[N]—Z,[I]=O (32)

where [I] is the identity matrix. Hence

a1 L
8l=0

g
2 -A (33)
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Expanding the determinant, we have

1
2 =
A-7=0 (34)
or
A=tl
a
_ar
dx (35)

Rearrange Eq. (30), Eqs. (17) and (18) to obtain the
compatibility equation as results

_ .
1 0o 0 —rg7 |- L V]
8 H 2Dg
o £ 1 0 o= 0
a X
dc dt 0 0] dH »
10 0 dx dar| ' av (36)

but this equation is equivalent to Eq. (3-17) through
little manipulation so that it follows the same procedure
to get the compatibility equations as a method based
on Cramer's rule.

2.5 FINITE DIFFERENCE EQUATIONS

So far the different methods are reviewed and the
two PDEs of continuity and momentum conservations
are transformed into four ODEs that is solved
numerically using finite difference techniques. The
method of characteristics transformation of the unsteady
pipe flow equations gives the water hammer
compatibility equations which are valid along the
characteristic lines[1,2]:

- along the C+ characteristic line (Ax/At = a).
a

H H, 1i-Ar g_A(Qi" —Qi-l,r—m) 28 DA2 Q |Q: lt—AlI 0(37)

- along the C- characteristic line (Ax/At = -a):

A T ( i Qi+l.1—Al )— far Qi.f Q,

2gDA

i+1.:—A:’ =0 (38)

in which H = piezometric head, Q = flow rate, Ax =
reach length, t = time, At = time step, a = water

el

Data Acquisition and Processmg

Tank 2
0.0m
-~ i
= DATUM
Pipeline
Fast Closing Valve Hy,

Fig. 2 Experimental apparatus layout[9]

hammer wave speed, g = gravitational acceleration, f =
Darcy-Weisbach friction factor, D = pipe diameter and
i = node number. At a boundary(reservoir, valve), the
boundary equation replaces one of the water hammer
compatibility equations. The staggered grid is used in
this work[1,9].

3. FLUID TRANSIENT ANALYSIS

3.1 MODEL VALIDATION

The model validation is conducted through a
comparison with results of the standard water hammer
algorithms and experimental dataf9]. A flexible
laboratory apparatus for investigating water hammer and
column separation events in pipelines has been designed
and constructed. The apparatus is comprised of a
straight 37.23 m long sloping copper pipe of 22.1 mm
internal  diameter and 1.63 mm wall thickness
connecting two pressurized tanks and data acquisition
and processing as shown in Fig. 2. The pipe slope is
constant at 545 %.

Water hammer events in the apparatus are initiated
by fast closing ball valve positioned at the downstream
end of the upward sloping pipe. Fast closure of the
valve is carried out either by a torsional spring actuator
(the closure time (tc) may be set from 5 to 10
milliseconds) or manvally by hand. The flow
conditions, identical for the three runs, were:

- static head in an upstream tank Hyy = 32. m

- valve closure time t. = 0.009 s

- water hammer wave speed a = 1319 m/s

Computational and experimental results for the three
runs are compared at the valve and at the midpoint.
The experimental run with flow velocity Vo= 0.20 m/fs
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Fig. 3 Comparison of heads at the valve in upward slopping
pipe; Vo =0.02 m/s

is the turbulent flow case with Reynolds number Re =
3750(water temperature Ty = 154 ). Computational
results from the present model and the previous model
are compared with results of measurements and are
depicted in Figs. 3 and 4. Computational results
obtained by the quasi-steady friction model agree well
for the first period of the transient(4L/a). The
discrepancies between the results are apparently
magnified for later times. It is usually known that the
experimental validation of steady friction models for
rapid transients has shown significant discrepancies in
attenuation and phase shift of pressure traces when the
computational results are compared to the results of
measurements[1,8].

The discrepancies are introduced by a difference in
velocity profile, turbulence and the transition from
laminar to turbulent flow, called the frequency-
dependent  friction(or  unsteady  friction)  effects.
Fortunately, the standard water hammer model is
normally sufficiently accurate during early time in a
transient. The frequency-dependent influence is most
pronounced at high frequencies and in highly viscous
flows, and is less significant at high Reynolds
numbers[1]. And also a constant value of the
Darcy-Weisbach friction factor f (steady state friction
factor) is used in most of commercial software
packages for water hammer analysis. The unsteady
friction effects are not considered in this work.

== Present model

: Previous calcufation, A. Bergant et al.

: Experimental data, A. Bergant etal. |7
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Fig. 4 Comparison of heads at the midpoint in upward slopping
pipe; Vo= 0.02 m/s
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Fig. 5 Schematic of propulsion system

3.2 PROPULSION SYSTEM OF KOREASAT 1

It shows schematic of propulsion system of Koreasat
1 in Fig. 5 1t is a hydrazine monopropellant
blowdown subsystem. It is divided two independent
half-systems each capable of performing all thrusting
maneuvers and each half-system consists of two 0.5 m
diameter tanks supplying fuel for six 0.9 N catalytic
rocket engine assemblies(REAs) and two 04 N
electrothermal  hydrazine  thrusters(EHTs). A Ti
ali-welded manifold network include latching valves, fill
and drain valves, filters, pressure and temperature
instrumentation, and thermal control equipment. Each
half-system will have a normally-open latch valve(LV1
and LV2) which can be closed in the event of leak to
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Table. 1 Operation and allowable inlet pressure ranges

Operation inlet pressure | Allowable inlet pressure
Thruster range range
(psia) (psia)
REA 400 - 80 420 - 70
EHT 350- 85 350 - 80
.Table. 2 Specific Impulse Requirements
Feed Pressure Duty Cycle (s) Isp
Range (psia) On Off (minimum)
350 - 300 0.25 0.75 192
350 - 300 3.00 9.00 216
350 - 100 All others 113
350 - 100 10 | 82 137

Table. 3 Case Studies

Pressure Thruster valve opening/closing time
(psia) (ms)
400 20 10 1
80 20 10 1
1.5 T T T T T T !
: : ‘ i —— Valve 1ms
Valve 10ms
— — Valve20ms
1 — e
!’ i
£ i \
g ,
c 0.5 oo
2 i
S] i
0 ............................ !
05 N R N N S S

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

Time, s

Fig. 6 Thruster Valve Opening/Closing Operations

isolate the tanks of half-system from its thrusters. The
cross-over lines are normally closed off by the latching
valves(LV3 and LV4), which can be opened if one
thruster set must be isolated due to leakage[5].

3.3 THRUSTER VALVE OPERATIONS

The thruster inlet pressure range of the REAs is
from 400 psia to 80 psia and EHTs, 350 psia to 85
psia as shown in the Table. 1. The response times of

2 _ ‘ . , 12
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£ . "
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Fig. 7 Mass flow rate of 20 ms w/o orifice
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Fig. 8 Inlet Pressure of 20 ms w/o orifice

thruster valve are usually less than 20 ms, in this work
I ms, 10 ms and 20 ms are considered as parameters
shown in the Table. 2. Other conditions are the
pipeline materials, Ti-3Al-2.5V and 304L SS, an on/off
duty cycle of 250 ms on/750 ms off.

In the Table. 2 the specific impulse requirements is
shown.

Parametric studies are conducted according to the
Table. 3. In Fig. 6 the thruster valve opening/closing
times are shown with 250 ms On/750 ms Off.
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Fig. 9 Mass flow rate of 10 ms w/o orifice
g
“m —— . 120
wb 1110
!
420 - 4 100
i ; :
: il =
2 10 ih Y { ' y-«Slil 0 H"f“‘ iy ll”ml i z,\q “ =
H 3
% T é'i{ ! - h.{;:; H l'é ﬁi Hg!}l ﬁ dij !d‘“'i.: ’{ﬂ 80 g
: ‘T TIRR R L
3 . e 4 3 d HH ‘ i @
< L ‘H h]” Hjlmmli i 0 =
l
380 ;, . . 4 80
370 | - e o] B0
360 ' i = 4
0 02 04 06 08 1

Time, s

Fig. 10 Inlet Pressure of 10 ms w/o orifice

34 ReSULTS

The calculations are conducted for the opening and
closing thruster valves of REA 5, 6, 7, and 8(Station
aquisition: East) at the operation inlet pressure ranges
of 400 psia and 80 psia without/with a orifice. Koreast
1 has no orifice, but for a comparison study two
orifices(0.048 inch inner-diameter orifice) are selected
and installed at the just behind of the filters, FLR1
and FLR2. But this section shows only the results of
REA 8 because of similarities of the results.

Mass flow rate, lbm/min at Latching Isolation Vaive
BABA JOJSTUL) 1B UIW/WG) ‘B)e) MOY) SSBIN

]
oz
,,,,,,, THR 1 ms at 400 psia i]

I P THR 1msat80psia |
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Fig. 11 Mass flow rate of 1 ms w/o orifice

440 : ; 120
— THR 1 ms at 400 psia I :

Inlet pressure, psia
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Time, s

Fig. 12 Inlet Pressure of 10 ms w/o orifice

34.1 INIET PRESSURE AT 400 PSIA & 80 PSIA WITHOUT
ORIFICE

Because of thruster valve opening/closing the fluid
flow rate at the latching isolation valve, LV2 oscillates
and the inlet pressure of thruster valve oscillates as
shown Figs. 7 and 8, respectively. When the valve is
on opening the oscillations of flow rate and pressure
attenuate and they go to an steady state. As the valve
is on closing the flow rate and pressure oscillate but
attenuate at very slow rate. Because there is no flow

eisd ‘ainssaid 191Ul
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Fig. 13 Mass flow rate of 20 ms with orifice
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Fig. 14 Inlet Pressure of 20 ms with orifice

control device except the pipeline itself by which
friction effect is occurred.

As the inlet pressure of thruster valve is reduced to
80 psia the fluctuations of the fluid flow rate and the
inlet pressure of thruster valve are decreased half to
the results of 400 psia as shown in Figs. 7 and §,
respectively. This pattern occurs in the results of the
other cases.

Because thruster valve opening/closing time is getting
shorter, 10 ms, the oscillation amplitudes of fluid flow

12 I : 12
: LTV 10 ms at 400 psia w/ orifice

: === LTV 10 ms at 80 psia w/ orifice
08 B " -1

- 08

Y 00
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Fig. 15 Mass flow rate of 20 ms with orifice
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Fig. 16 Inlet Pressure of 20 ms with orifice

rate and the inlet pressure of thruster valve are
increased as shown Figs. 9 and 10, respectively. When
the valve is on opening the oscillations of flow rate
and pressure attenuate at relatively fast rate but they do
not go to an steady state. The inlet pressure fluctuation
of 400 psia case is more than 20 psid so it may have
negative effects on the thruster performance.

In worst case the thruster valve opening/closing time
is 1 ms, the oscillation amplitudes of fluid flow rate
and the inlet pressure are so increased as shown in
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Fig. 17 Mass flow rate of 20 ms with orifice
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Fig. 18 Inlet Pressure of 20 ms with orifice

Figs. 11 and 12, respectively, that the inlet pressure
exceeds the allowable limit in Table 1. The inlet
pressure fluctuation of 400 psia case is of more than
60 psid, unless an proper orifice being installed, it may
not run at this condition. According to the results as
shown in Figs. 18, the 0.048 inch inner-diameter orifice
adapted cannot limit the pressure oscillation so that the
smaller inner-diameter orifice should be used.
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Fig. 19 Mass flow rate of 20 ms at 400 psia w/o and w/ orifice
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Fig. 20 Inlet Pressure of 20 ms at 400 psia w/o and w/ orifice

342 INLET PRESSURE AT 400 PSIA & 80 PSIA WITH
ORIFICE

The orifice is selected by referring to the propulsion
systems of KOMPSAT program and EO-1(Earth
Observing 1) mission. Those propulsion systems are a
monopropellant hydrazine system in blow-down mode
with maximum expected operating pressure(MEOP) 350
psia and 320 psia, respectively[6,7].
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Fig. 21 Mass flow rate of 20 ms at 80 psia w/o and w/ orifice

120 - - —-- -7

110 - -

THR 20 ms at 80 psia
--==== THR 20 ms at 80 psia w/ orifice

100 o .

80

80 oy PRI

Inlet pressure, psia

70 -
60 - : ; : .

50 ~

40 - : :

Time, s

Fig. 22 Inlet Pressure of 20 ms at 80 psia w/o and w/ orifice

As shown in Fig. 13 and 14 when the valve is on
opening the oscillations of flow rate and pressure
attenuate at apparently fast rate and they go to an
steady state rapidly. As the valve is on closing the
flow rate and pressure oscillate less than that of
without-orifice-case and attenuate at fast rate. Because
the orifice limits flow transients. It is hard to find a
wiggling of flow rate of the thruster valve in both 400
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Fig. 23 Mass flow rate of 10 ms at 400 psia w/o and w/ orifice
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Fig. 24 Inlet Pressure of 10 ms at 400 psia w/o and w/ orifice

psia and 80 psia cases.

As the inlet pressure of thruster valve is reduced to
80 psia the fluctuations of the fluid flow rate and the
inlet pressure of thruster valve are almost similar to
the results of 400 psia without orifice. It seems the
effect of orifice is reduced at low inlet pressure.

Due to using the orifice, the oscillation amplitudes
of fluid flow rate and the inlet pressure of thruster
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Fig. 25 Mass flow rate of 10 ms at 80 psia w/o and w/ orifice

120 . ¢ .
THR 10 ms at 80 psia ‘ P
-===== THR 10 ms at 80 psia w/ orifice| |
110 —_— |
100

Inlet pressure, psia

60
50

40 i

Time, s

Fig. 26 Inlet Pressure of 10 ms at 80 psia w/o and w/ orifice

valve attenuate rapidly as shown Figs. 15 and 16,
respectively.

In worst case the thruster valve opening/closing time
is 1 ms, the oscillation amplitudes of fluid flow rate
and the inlet pressure attenuate rapidly as shown in
Figs. 17 and 18, respectively but inlet pressure
oscillation is still so high that it exceeds the allowable
operation limit in Table 1.
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Fig. 27 Mass flow rate of 1 ms at 400 psia w/o and w/ orifice
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Fig. 28 Inlet Pressure of 1 ms at 400 psia w/o and w/ orifice

343 COMPARISON THE RESULIS BETWEEN WITHOUT-
ORIFICE AND WITH-ORIFICE CASES

In this section all the results are presented again in
without-orifice and with-orifice cases as shown in Figs.
19 through 30. As it mentioned above, the effect of
orifice is so strong to limit the fluid transients in rapid
valve response time and at high pressure. But it seems
that the effect of orifice weakens at loose valve
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Fig. 29 Mass flow rate of 1 ms at 80 psia w/o and w/ orifice
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Fig. 30 Inlet Pressure of 20 ms at 80 psia w/o and w/ orifice

response time and at low pressures. Because as the
inlet pressure gets down, the line pressure drop due to
orifice gets decreased and also flow rate reduced as
shown in Figs. 19 through 30.

4. CONCLUSION

This work is to review the different derivation
methods that result in the same compatible and

characteristic equations in order to understand the
method of characteristics extensively.

The identification of fluid transient phenomena of
Koreasat 1 is carried out through parametric studies.
The valve response time is one of the dominant
parameters governing the fluid transient phenomena.
The results show that the shorter closing time induces
the greater pressure response amplitude.

According to the results it shows that the instatlation
of in-line orifice is effectively to limit the fluid
transients in rapid valve response time and at high
pressure. But it seems that the effect of orifice
weakens at slow valve response time and at low
pressures.
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