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Abstract. The aim of this paper is to proceed in the study of the system which will be
specified below. The system concerns fluid flow in a simple hydraulic system consisting of
a pipe with generator on one side and a valve or some more complicated hydraulic elements
on the other end of the pipe. The purpose of the research is a rigorous mathematical
analysis of the corresponding linearized system.

Here, we analyze the linearized problem near the fixed steady state which already have
been explicitly described. The theory of mixed linear partial differential systems and other
tools are applied to derive as explicit form of the solution as possible.
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1. INTRODUCTION

In this paper we analyze the mathematical model of a two phase flow of a real fluid
in a pipe with in-flow and out-flow boundary conditions corresponding to hydraulic
elements and given initial data. The theory and practice of two phase flow has a long
history and there is a vast literature on this theme, from which we hopefully select
a representative sample.

First of all we must mention the book [4], which is considered comprehensive in
introducing general principles of physics of fluids. Second, the relatively recent excel-
lent monograph [5] concentrates on mechanics of mixtures. For us, a very important
source of information is its Chapter 7: “Mixture of two Newtonian fluids.” For our
concrete problem, the classic monograph [11] seems to be crucial for historical insight
into this field of fluid mechanics. Finally, the paper [3] is relevant to our problem
and the recent paper [6] concerns directly our problem.
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Note that [8] provides a good combination of the theoretical and practical ap-
proaches to mixtures suitable both for quick information in the theoretical approach
and that aimed at engineering practice. As a general source of information about the
connection between fluid mechanics and the theory of partial differential equations
can serve for example the monograph [2].

In the next section we formulate the general problem which can be derived from
physical balance laws applied in the system (see [7]).

Since the system is highly nonlinear and contains the features of general nonlinear
hyperbolic systems which have not yet been managed even in much simpler cases,
necessary reasonable physical simplification must be made to get at least a partial
picture about what is going on in the real machinery.

One step has already been made in [10], where we found some solutions in a closed
form: stationary solutions, purely time-dependent solutions and a mixture of both
(called combined solutions).

Our ambition in the present paper is to analyze a linearized system around a steady
state.

Let us note that our approach is slightly different from the more frequent one used
e.g. in [5]. Instead of different components of two phases we consider a concept of
concentration 7 of bubbles in the fluid and assume that the fluid and bubbles have
the same velocity w and the pressure p. Thus we have three unknowns w, p, v which
are functions of (z,t). Moreover, the flow is assumed isentropic.

We believe that there are further perspectives in the analysis of the problem in
question. First of all, it is possible to look for so-called local solutions. This means
that we assume either small 7' or ‘small’ initial conditions. Then we believe to find
smooth solutions for smooth data in the time interval (0,7") with 7' dependent on
the data. Of course, it must be expected that larger T will require more restrictions
on the data. Also, a problem is to find suitable function spaces to balance the
technical obstructions. C-spaces would be probably more comfortable than Sobolev-
like spaces, since the latter would probably bring the necessity of additional growth
conditions for the data. On the other hand, we could get results with weaker data
with, of course, weaker solutions.

An interesting approach to small solutions is the reduction to a single fixed point
problem (to appear in [9]). This approach consists in successive expression of one
variable in terms of others so that finally a suitable variable will satisfy one equation
and at the same time the other excluded variables will be expressed in terms of this
new variable. Then solving the equation for this (artificial) variable, we can hope
for the solution of the complete problem. Again the question of suitable function
spaces arises.
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The paper is organized as follows. In Section 2 we formulate the general nonlinear

problem and introduce the stationary solution, which has been derived explicitly

in [10]. Then we linearize the general problem around this stationary solution. The

product of this linearization is the main objective of our analysis here.

Section 3 is devoted to the analysis of the linearized system. In spite of restrictions

we are forced to make, we believe that our approach is useful in the engineering

practice, based on our experience in application of a similar mathematical approach

to other problems.

2. FORMULATION OF THE PROBLEM AND THE MAIN RESULT

The equations for the two phase flow of real fluids in a pipe of the length [ can be

written in the form (see for instance [7]):

= o 0 N o ;e W o
~— Y ' — ~— ~— ~— ~— ~~—

/N N N N N N /N /N /N /S
(=)
=

C(p(ov t)a 7(07 t)) + QV(p(Oa t)v H(t))
(

H(t)+ ®(t, H(t), H(t),p(0,t)

wi + 05 'pe + f(w) =0,
Pt + 00¢* (p, y)wa = 0,
Y +wyz =g(v,p), x€(0,0), te(0,T), T>0,
w(z,0) = wo(z),
p(x,0) = po(x),
v(2,0) =0(z), = €l0,1],
— Sow(0,t) + gaH(t) =0,
w(l,t) = h(t),
7 ' pe(0,)) =0, te][0,T],
H(0) = Hy, H(0) = H,.

The quantities occurring in (2.1)—(2.10) have the following meaning:

w = w(z,t)

p(x, 1)

Y= 7(x7 t)
00
c=c(p,)
f=f(w)

the velocity of the liquid at the point z and at the time ¢,
the pressure,
the mass of freed air per unit volume of the liquid,
the density of the liquid,
the sound speed in the liquid and in the liquid
containing the air (a given function of p and +),
the coefficient of resistance (the friction of the liquid
on the wall of the duct),

(1.p) = {Ku((7_7>/KH -p), ¥ (T—7)/Ku = p
TV BT /K —p). i (=) <p.
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K., K. the constants characterizing the proportionality of the
velocity of loosening and dissolution on the pressure
gradient, respectively,

Ky the coefficient of absorption,
o the total mass of the air in the unit volume,
wo, Po, Yo the initial distribution of the velocity, the

pressure of the loosened air in the unit volume
and the concentration, respectively,
C=C(p,7) the hydraulic capacity (a given function of p and +),

H the throw of the valve,

Qv = Qv (p, H) the flow through the valve (a given function of p, H),

So the cross-section of the duct,

%) the acting facing of the valve,

h the flow rate caused by the hydrogenerator at the end of the duct,
Hy, Hy the initial position and the velocity of the valve, respectively.

In what follows let us assume for simplicity that
(2.11) H(t) = Hy = coust.

If we wanted to employ equation (2.9), then we would have to assume something
like

(2.12) ®(t, Hy,0,y,2) = 0.

Nevertheless, we will assume (2.11) sharp, without any other discussion.

Now, the standard linearization procedure leads us to the following considerations.
First, we consider the linearization around the stationary solution. Its existence and
expression is analyzed in [10] and we remind the basics in the next section.

Denote by (ws, ps,7s)T the stationary solution, and (w,p,¥)T = (w — ws,p — ps,
v — )T, where (w,p,7)" is the linearization variable dependent on = and t. Then,
after some computations we obtain the following system.

Definition 2.1. By a linearized problem of the problem (2.1)—(2.3) we mean the

system
(2.13) Wi + 0y Py + [ (ws)W = 0,
2 a 2
Br + 00Wsz o (Pss ¥)P + 00Wsz = (Psr o )T + 006 (s Vs )Ty = 0
t ST 8p S S ST 8'}/ S S Sy S T b)

_ _ _ _Og _, Og _
Vi + Vs + Wy, = 8—7(%,195)7 + 8—p(vs,ps)p~

24



Now we are going to define rigorously what we mean by a solution of (2.1)—(2.8)
with H(t) = Hy. To this end we need some standard notation which we now shortly
describe.

If Q C R™, then C*(Q) denotes the space of all functions continuous on {2 together
with all derivatives up to the order k.

We make the following assumptions:

A1) wo, po,v0 € C([0,1]),
A2) h e C([0,T]),
A3) the compatibility condition wg(l) = h(0) is satisfied,

)

A4) H, is a given nonnegative constant.

Definition 2.2. By a solution to the problem (2.1)—(2.8) (with H = Hy) we
mean a triplet (w,p,7) with w,p,v € C1((0,1) x (0,T)) satisfying (2.1)—(2.8) point-
wise.

Definition 2.3. By a stationary solution (with H = H,) we mean the functions
w,p,v independent of ¢ and satisfying equations (2.1), (2.2), (2.3) and (2.7) with
H = Hy = const.

Definition 2.4. By solution of the linearized problem we mean a triplet (w, D, 7)
satisfying equations (2.13).

Now let us formulate the main result.

Theorem 2.1 (Main result). Let assumptions Al)—A4) be satisfied, let f, f’ be
continuous in (—o0,00) and let (4.1) below hold true. Then there exists a unique
solution (w,p,7) of the system (2.1)—(2.8) with H = Hy.

Moreover, having solved the system (6.27), (6.28) below, find ¢;(x) according to
(6.12). Then define L by (6.16) and A by (6.19). After that solve (6.25) with respect
to z, put v(z,t) = z(z,t;t), and u = L~ 'v in accordance with (6.15). Then the
sought solution is given by (w(z,t),p(x,t),¥(x,t)) = u(z,t).

To be selfcontained, in the next section we shortly present results of the analysis
of the stationary solution derived in [10].
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3. STATIONARY SOLUTION

For this case, the equations reduce to a simple system of three ordinary differential
equations and a scalar equation [10]

(3.1) 0 ' + f(w) =0,

(3.2) 20 (p,Y)w' =0,

(3.3) wy' = g(v,p), x€(0,),

(3.4) C(p(0),7(0)) + Qv (»(0),7(0)) — SoW(0) = 0,

where p’ = dp/dz, etc. Analogously as in [7], the function ¢(p, ) is assumed in the
form

2
c1p

3.5 )= —,
(3.5) c(p,7) v B,

where ¢; > 0,7 = 1,2, 3 are constants. Then a trivial physically reasonable argument
shows us that

w = wqy = constant,
p(z) = po — oo f(wo)z,

—g
wo

)

)

) 7 = L g(,00 — 20 f (wo)2),

) C(p(0),7(0)) + Qv (p(0), Ho) — Sow(0) = 0.

The constants wp, po may be chosen arbitrarily. Also the integration of (3.8) gives
us an additional free integration constant ~y. So, given constants wy, 7o, the number
po in (3.9) is then determined from

(3.10) C(po,70) + Qv (po, Ho) — Sowo = 0,

supposing that equation (3.10) is solvable with respect to pg. It remains to determine
the function ~ from (3.8). This is substantially not difficult but a little bit lengthy
computation. To this end we refer to our paper [10]. After doing that, the steady
state problem is completely solved. Let us denote the stationary solution by w = ws,
p = ps, and ¥ = 75, where according to the previous analysis

(3.11) ws(x) = wo = const., pg(x) =po — oof(wo)x, ~s is given by (3.8).
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4. OSCILLATORY SOLUTIONS

Definition 4.1. By an oscillatory solution we mean a solution of (2.1)-(2.3)
which is independent of z, i.e., w = w(t), p = p(t), v = v(t).

Proposition 4.1. Let f and f’' be continuous in R and

(4.1) m = erelufq{ f'(z) > —oo.

Then for any wo,po,Yo € R there exists a unique oscillatory solution (w,p,vy) of
the problem (2.1)—(2.6).

Proof. Indeed, in this case, the system (2.1)—(2.3) takes the form
(4.2) w4+ f(w) =0,

p=0,
Y=9(y,p), t>0.

Equation (4.2) has a unique solution w due to elementary existence and uniqueness
results for ordinary differential equations. Equation (4.3) implies p = po, and for
equation (4.4) again the theory of ordinary differential equations can be applied. O

Let us note that the condition (2.7) in this case reads

C(po,(t)) + Qv (po, Ho) — Sow(t) =0

and would make the problem overdetermined.

For example, for the frequent case (see [1])

fw) = klw|w
we obtain
w(t) = 1+ klwolt”
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5. COMBINED SOLUTIONS

Definition 5.1. By a combined solution we mean a solution of equations (2.1)—
(2.3) which is neither stationary nor oscillatory, and for which at least one of the
functions w, p,y depends only on = or on t.

In [10] we considered the “Anzatz” w = w(t), p = p(x). In this case the equations
(2.1), (2.2), (2.3) have the form

(5.1) W+ ip’ + f(w) =0,
Q0
(5.2) Ve +wyz = g(7,p)-

Proposition 5.1. Let f and f' be continuous in R and the condition

.f/ _
erel[Rf(z)> 00

be satisfied. Then for any wg,pg,vo € R there exists a unique combined solution
(w,p,7y) of the problem (2.1)—(2.6) with H = H,.

Proof. We easily obtain that p is a linear function of z independent of ¢, the

function w satisfies the equation
, p(l) — po
i+ ) = LB
2ol

which is solvable by the same argument as above, and the equation (2.3) is solvable
by the method of characteristics. For details see [10]. Proof is complete. O

On the other hand, for the quite frequent friction near the wall modelled by f(w) =
klw|w (see e.g. [1]) we are able to solve the problem explicitly. The result is

2

w(t) = —% (1 — (1 — z—%wg) exp ( _ 047015))1/27

ap = (k(plg(; po))l/Q.

Now it is possible to express the whole combined solution via quadratures (see [10]).

where

Finally, if we assume f =0, w = w1z +wp, p = p(t), and v = 7(¢), where wg, w
are constants, then the system reduces to two ordinary differential equations, namely,

p(t) = 00c® (p(t), ¥(t)),
V(t) = g(p(t),’y(t)), t>0,

28



with the initial conditions
p(0) = po = const.,

~(0) = 70 = const.

6. PROOF OF THEOREM 2.1

In this section we will prove the existence and uniqueness for the linearized system
(2.13). The system (2.13) is a first order linear system of the type

(6.1) ut + A(z)uy, + B(x)u = G,

where u = u(z,t) = (W(x,t),p(x,t),¥(z,t))T is an unknown three-dimensional vec-
tor, and A(x) and B(x) are given 3 x 3 matrices and G a given three-dimensional

vector, namely,

0 o' 0
(62) A(.]?) = QOCQ (psa 79) 0 0 )
0 0 ws
I (ws) 0 0
c? oc?
(63) B(]}) _ 0 a_p(psa’}/s) QOwsxa_ﬁy(pszs) ,
dg dg
Vsz —a—p(%,ps) —a—v(vs,ps)
(6.4) G(x) = (0,0, g(ps(x),7s(x)))".

Coming out of the theory of first order partial differential equations, we are inter-
ested in the properties of the matrix A(z). Solving the equation

det(AI — A(x)) =0,
where I is the identity matrix, we get eigenvalues of the matrix A(z):
(6.5)  A(x) = c(ps(x),7s(2)),  Ae(x) = —c(ps(2),75(2)),  As(x) = w(2).
Let us impose initial conditions on the system (2.13):
(6.6)  w(x,0)=wo(x), P(x,0)=po(x), 7(x,0)=7p(x), xe]l0,]

It remains to input a linearized boundary condition corresponding to the condition
(2.7), which in this particular case is of the form

(67) C(p(oat)vﬁy(oat)) + QV(p(Ovt)a HO) - Sow(ovt) = 0.
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By an easy manipulation in the spirit of preceeding linearization procedures we
arrive at the following linearized boundary condition derived from (6.7):

68) (5 0u(0) 700 + 22T 0,1) — . 0)

+ (G 000 20(0) = 5020, 20(0)) (4(0.0) = 2 (0)
= So(w(0,t) —ws(0)) = Sows(0) — C(ps(0),7s(0)) — Qv (ps(0),7s(0)).

In terms of w, p, 7 condition (6.8) reads

69 (G0 + X0 D)5 )

4(§ﬂ<mmw»—%%a»%@ﬁmw—%waw
= S50 (0) = C(pa(0),75(0)) = Qu (o (0),7:(0).

We intend to adapt some procedures known from the theory of linear hyperbolic
systems to the problem defined by (2.13), or in more concise equivalent form (6.1),
with initial conditions (6.6) and boundary condition (6.9). To this end we employ
the left eigenvectors

(6.10) 0'(z) = (Gi(x), (), 3(x)), i=1,2,3,

corresponding to the eigenvalues \;, i = 1,2, 3, of the matrix A(z). These eigenvectors
are computed from the equations

(6.11) (€1(2), 65(x), £3(2)) (X (2)] — A(z)) = 0.

Elementary algebra leads us to the result

0 () = (clps(2),75(2)), 005 0), i ws(x) # e(ps(2),7s(2)),
(6.12)  Ly(z) = (—c(ps(2),75(7)), 00 5 0),  if ws(x) # —c(ps(x),7s(2)),
l3(z) = (0,0,1), if we(x) # £e(ps(x),vs(x)).

Denote for short

(6.13) cs = cs(x) = cs(ps(x), vs(x)).

Multiply system (6.1) by ¢;, i = 1,2,3. Then we get

(6.14) Coug + Nils - ug + - (B-u) =0 -G, i=1,2,3.
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Substituting

(6.15) v=1L-u,

where the matrix L is given by

(6.16) L= (lij)},—y, with £;; =],

we obtain system (6.14) in the form

(6.17) (i)t + Xi(Vi)e + 4 - (T +B)- (L") =4 -G, i=1,2,3,
which in vector notation reads

(6.18) vi+Av, +L-(I+B)- (L ")) =L-G,

denoting by A the diagonal matrix given by

(6.19) A= (\j)} =1, where Aij = \idyj, 0,5 =1,2,3.
Denote
(6.20) C=L-(I+B)-L"" and F=L-G.

Then system (6.18) reads
(6.21) v + Avg + Cv = F.

Now we are in the position to use comfortably the method of characteristics. Define
functions &; = & (x,t;7) as the solutions of the problems

d&;(z,t; 1)

(6.22) =

=Ni(&i(z,t;7), x€[0,0),t>0,72>0,
Lilz,tt) =2, 1=1,2,3.

Clearly, by our assumptions and the theory of ODE’s, the problem (6.22) has a
unique solution for each (z,t).
Then the functions

(623) Zi(xvt;T) :’Ui(CL'—F)\i(fi((E,t;T))(T—t),’T), 1= 172a37
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(z = (21, 22, z3)) satisfy the relations

(6.24) W = div-(x + i@, ;7)) (T — 1), 7)
_ (3“1 (@ + NG (@, £ 7)) (r — ), 7)
ov; .
+ a—y(ﬂ?Jr/\ i(&i(x, ;1)) (1 — 1), 7)) (Ni (&, ;7))

-ur%fA@utﬂi@umﬂ»

F;(&i(z,t; 1) Zcm Gi(w,t57)) - 25(&i(@, 85 7), 7).

Finally, we arrive at the system

dzi(xv t; T)

(6.25) — g = Fil&(,t7) ch &z, ;7)) - 2 (&, 1 7)),
zi(z,£;0) = (L™ o) (&i(x, ¢ 0),0)
BEED (et i),
iz, t5t) =
with
(6.26) M2 (2) = e(pa(z), 7a(a)) = 2P0

CaPs (x)Q + Vs (1‘) +c3 ’
Az(x) = wy(x).

This implies that the explicit form of the system (6.22) is

g c1ps (&% (@, t5 7))
(6.27) ar T = @ )R + € ) T e
e (ot
ar (l‘,tﬂ') = ws(§1($7t77));

iz, t5t) =, 1=1,2,3.
Since w; = wy = const, we find
(6.28) E(x,t;7) = wolr —t) + 2

As far as the solutions of equations (6.27) are concerned, we know that the so-
lutions {3’2 exist. We can decompose the open set {7 € (0,00)} into components
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where g is given by one prescription and by the other on the complement. On these
intervals the solution is given by one formula which inserted into (6.27) yields the
equation given by one analytical expression.

Let us express the equations (6.27) in a more explicit form. To simplify notation,
write ¢ instead of £€12, and K instead of K, or K. Then, in the respective interval,
v satisfies the equation

=9(v,p) = 9(7,po§ +p1) = K(W% —poé —p1)7

d
(6.29) d—z

and (6.29) can be solved independently of other equations of the system, thus making
it possible to resolve the complete system.
The proof of Theorem 2.1 is finished.

Acknowledgement. I would like to say in this place that these remarks and
other changes in the first version of the paper were inspired by deep insight of a
referee who extended my rather narrow view of the problem.
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