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Abstract. In this paper the perturbations produced by mass, momentum and energy
sources in the uniform flow of an ideal fluid are determined. The case of instantaneous
sources is considered. The matrix solutions thus determined are by definition the funda-
mental matrices of the systems of equations of fluid mechanics. As an application, the
perturbations caused by sources acting permanently for ¢ > 0 as well as the perturbations
produced by sources moving along the direction of the free flow or perpendicular to this
direction are determined.

1. In [1] we have determined the perturbations produced by mass, momentum and
energy sources in an ideal (or viscous) fluid at rest. In [2] we have constructed the
fundamental matrix for this fluid.

Extending the methods of [1] and [2], in this paper we shall determine the per-
turbations induced by mass, momentum and energy sources in an ideal fluid in uniform
motion. We shall build up the fundamental matrix in this case and we shall apply the
results to problems of great practical interest. The case of dissipative fluids will be
analysed in [3].

We assume that the basic state of the fluid is characterized by the constant parameters
po» Vo, po and T, (po = poRT,) and we shall choose the reference system such that the Ox;-
axis has the direction of the vector V,. At an arbitrary time ¢ > 0, the fluid state will be
characterized by the variables

p = po(l + p*), V = Vi, + v), P = pot po Vo? p* (N

and T = Ty(1 + T*), the quantities pep*, Vov, poVo? p* and T,T* representing the
perturbations induced by the sources. The functions p, V, p and T must satisfy Egs. (1)-(4)
of [1] in which the dissipative terms are neglected. In order that the equations be treated in
a unitary way, we shall assume that the sources are acting in the origin of the system of
coordinates. The problem concerning the sources acting in different points does not
present additional difficulties [1]. Also, for the sake of uniformity, we shall introduce the
dimensionless variables x;* and * defined by the relations x; = Lox;*, Vot = Lot*, where
L, in an arbitrary characteristic length, and we shall drop the sign *. Linearizing the
motion equations in order to determine the perturbation, we obtain the following system:

* Received January 30, 1978; revised version received May 4, 1978.



402 L. DRAGOS

a0 + 0y + div v = f,6(¢, X), 8(1, X) = 8(2)d(x),
o0, + 0w+ app = fi6(1,x) (i = 1,2, 3),
0T+ 0,T+ (y — 1)divv = (vfi — fo) 8(z, x),
YM?*p =p+ T, (2)

where f; (j = 0, 1, 2, 3, 4) are expressed with the aid of the intensities m,, f® and Q, of the
mass, momentum and energy sources using the following expressions:

Po Loafo =mg, polo® Vo fz = fio — 0 my Vo,
cupolo® T07f4 =Qo+im V2 — flo Vo,

where §;; is the Kronecker delta. As usual, we have used the notation yc¢, = ¢, ,aeM = V,,
a2 = ¥RT,, where ¢, and ¢, are the specific heats of the fluid, while R is the universal
constant of gases. Adding (2), to (2); and taking into account (2),, we get

M¥o, + o,)p + divv = f, 8(1, x) 3)

Therefore we shall consider Egs. (2),, (2), and (3) with the unknowns p, v; and p. These
equations will have to be integrated all over the space in which the space conditions are

lim (p,v,,p)=0 4)

x| —®

and the temporal conditions
p =0, v, =0, p=0, 1 <0. (5)

Eq. (4) expresses the damping condition of the perturbation at infinity and (5) the
condition of nonexistence of the perturbation before the source begins to act.

Hereafter we shall use the matrix method in order to determine the solution of the
system (2), (3): in this way we have the possibility of putting into evidence the basic
structure of the solution and at the same time of writing the general solution of the system
(2), (3) in the case in which in the right-hand side of the equalities the arbitrary functions
f(t, x) would appear. Introducing the matrices

1 1.0 00 001 0O
01 0 0 M? 00 0 00O
A;=1]10 0 1 0 0 |, A,=10 0 0 0 M-2],
00010 00 0 00O
01 0 01 001 0O
0 00 10 P fo
00000 v, i
A;=10 0 0 0 0 |, V= v |, f=1f:1,
0000 M Ug fs
00010 M?*p fa
we can write the system consisting of Egs. (2), , (2), and (3) as follows:

The fundamental matrix K(t, X) introduced by the formula ¥ = Kf will be determined by
equation

8, K+ Ar6, K = E (1, X) (7
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where E is the unit matrix with 5 X S elements, and by the conditions
K(t<0,x)=0,K(t, ©)=0 (8)

with the usual notations.

2. As is already known (Duhamel’s principle, see also [4]), the solution of the
problem (7), (8) is of the form K = H(t) K*(t, x) where H(r) is the Heaviside function and
K* the matrix defined by equation

8. K* + 4,0,K* =0 9
and by the conditions
K*(0, x) = E 8(x), K*(t, ©) = 0. (10)
For
— +@
K = f(K*) = fff K exp i(ax; + agxs + asxy)dx,dxqdx,
we obtain
K=ak, KO0, o)=E (12)
where

oy oy o oy 0

0 a 0 0 M2
0 0 «a 0 a,M2
0 0 0 aasM~?
0

o, Oy O3«

é=iakAk=i

The solution of Eq. (12) is
K=Eexp@1). (13)

In order to determine the function exp (@ t) we use the method of the minimal polynomial.
The roots of the characteristic polynomial of the matrix @ are

o= day, Ay = i(ey + |a| MY, N\ = i(a, — |a| M) (14)

where multiplicity of the first root is equal to three. Since the minimal polynomial m(X\)
has the expression

mA) = A = M)A = M)A = Ag) = A = @A’ — ak — ao,
a, = 3ia, a, = 302 — || 2 M2 a, = ioy(|a| 2 M2 — ab),
it follows that the solution of system (12) is
K = E gi1) + Qgi(1) + @ gi1) (15)
where g, g, and g, are determined by the equations

m

g — agh —aigr —ag: =0,  gA0) = gx0) =0,  g%0) =1,

8o = Qoga, 8(0) = 1; g1 = aig: + go, £(0) =0,
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We obtain

oM

&o [l+ l;|z<cosl—:/l—lt— 1) - e ]exp(ia,t),

M || i, M?
8 = [|a| *

nm!
lef , _ } ~
sm—ﬁt W( (o} M exp (ia;t),

M? . '
g = |a|2<l—cos l;{/—)—z)exp(tozlt)- (15")

Taking into account formulae (A.1)-(A.3) in the Appendix, we obtain the following
fundamental matrix:

K* = E&(t — x1)8(x2)d(x5) + % (Ed, + Q) 8{M 't — [(x, — 1)* + r2]V3

2 H{M ™'t — [(x, — 1)* + r§]"%
[(x, — 1) + P22 .

M2
+ 4 (Edh+200, +@ (16)

where the matrix-operator @ is obtained from @ by substituting — &; — ia;. We have, for
instance,

M?*o0%, 2M*0%, 2M?03%, 2M? 0%, 2%
0 (1 + Mot o1 9% 20%
©Ma@*=| 0 0%, M?o% + 03, 0% 20% s
0 9% 9% M?o%, + 93, 201
0 2M? 83, 2M? 5%, 2M?6%, M?6% + 6%

0% = 9% + 05 + 9%

3. As can be proved [2], the general solution of the equation

c?t V+Ak6k sz(t, x) (17)
with the conditions

V@0, x) = 0, V(t, ») = 0,

v, x):f' K*% [ dr

where

K*#f= f f f KXt — 7, x = £) f(r, E)dE, dE = dg,dgndts -

Taking into account the expression of the fundamental matrix (16), it follows that the
general solution of Eq. (17) is
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t
Ve x) = [ = 7% = 7, x x)dr
0

M ‘dr i -1 _ )2 271/2
tar o) [T [ fu-rx-ppmrr - @ - g

M 2 N - H{M 't — [(§ — 1) + £2]V2
Ll (Eau+2aal+(£)f0 d‘rfff_m f(t—'r,x—{)[(gl_‘r;z +[(£%]U2 )"+ &7

where £ = £ + £2.

&

As a first application we consider the case in which the uniform motion of the fluid is
perturbed by sources which in the origin act permanently for ¢+ > 0, therefore the case in
which

f(e, x) = f°H(1) 8(x) (19)

where H(t) is, as throughout this paper, Heaviside's function. We obtain

Vi, x) = [ [H(xs) — Hx = 0] 6(x2) 0(xs) + Z—f(Ea, N @)f"fot i:_ S(M-' — R.)

2 t -1, _
+ 2 gon + 20, +aryp [ MR g R — - b @0)
0 T

For the calculation of the integrals occurring here the zeros of the function A(r) = M~!
7 — R, will have to be determined. We have A(0) < 0, lim. A(7) = (I — M?)» and
B*r. = —M*x; £ MR, R = (P — M*))"%, 2= | — M~

For M < 1, h(r) has a single zero, 7, . For M > 1, h(7) has two zeros if hy = h(1o) > 0,
where 7, is the root of the derivative A'(7), and no zero if h, < 0. We obtain M h, = x, —
rBy, B = (M* — )% 7, < 7_ and 7. A'(v.) = xR. At points 7, the function 4 is
increasing (b’ > 0) and at points 7_ it is decreasing (4’ < 0). Using the formula [5]

o(r — 71)
o(h = — 21
( (T)) ; |h,(71)| ( )
where 7, are the zeros of the function #, we deduce
t dr = RYH@ —-r1,), ifM<1
f = Mt —R,)= R'[H(@t—7.)+Ht—7),if M>1andh, >0
o 7 = 0 , if M > 1and h, < 0.
We also have
x1+ R |

t -1 —_
fMdr=H(t—r+)ln
0 R,

Ci—t+ R)M + D) for(M < 1)U

(M>1,h>0,1<71_)
x,+ R
xl_R

=0, for(M >1,h,<0).

=H(t—-17_)In

‘, for(M > 1, h, > 0)

In this way the solution (20) is completely determined.
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4. As a second application let us determine the perturbation induced by sources
moving uniformly in the flow of the free fluid. Let us assume for the beginning that the
sources are moving along the direction of the free flow. This means that in (18) we must
write

f(t, x) = %80y = kot)3(x2)d(xs) (22)

where k, is the ratio between the velocity of the sources and the velocity of the free flow; &,
is a positive number if both velocities are oriented in the same direction and a negative
number if the velocities have opposite directions. From (18) we get

V(t, x) = [°8(x2)0(xs) j;t 6(x; — kot + k7)dr + %’l:—(gal + Q)f° f’ 9'71 5(M-'r — R.,)

M? ¢ -1
+ ?(Eéfl +2@0, + azvof Md’r
0

R, (23)

where

' aes — _1 ( xl__—ko_t) _1 (ﬁ_i)_< L_ﬁ>
j; o(x, kot+kr)d1—k_/; o\r+ % d‘r—KH P kok X/’
Ry = [0 — kot + ke + A2 k=ko— L.

The study of the zeros of the function A(r) = M~'r — R, is carried out as shown above.
We have A(0) <0, A(w) = (1 — k*M?)w;

_ K*M*(x; — kot) £ MR
s 1 — M2%?

[ R = [(xl - kot)2 + (1 — MZkZ)rtz)]l/z‘
If k2M? < 1 then there is a single positive root, namely 7. If 1 < k?M? then there are two

roots 7, and 7_ (r, < 7_) if h, > 0 and no root at all if A, < 0, where

r Xy — kot .

- Tkl k

Since we also have the relation 7 A'(7.) = + R, we obtain

Mho = (sz _ 1)1/2 -

t
9T M-t —R) = ROH(t—1.),  if kM?<I
o 7 =RIH(t-7.)+Ht—71.), if (1<kM?,  h,>0)
=0,if (1 <kM? hy < 0)

[(HOM =R, HO—1) ), ‘(1 — kM) — £+ [(x = 1) + R3]
0 RT k Xy — kot + R |

for (K*M? < 1)Ul < k*M?, he > 0,1 < 71_)

_H@—-171)
X In

xl_kot_R
fl_kot'l'R ’

for (1 <k*M?, h, <0).

=0, for (1 <k*M?, hy,<O0).
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Let us now determine the solution in the case in which the sources are moving
perpendicular to the direction of the free flow. This means that we write

8, x) = f26(x1)8(xz — kot)d(xs) (23)
in (18). We get

t
V(t, x) = f°8(xs) f 0(x1 — 7)0(xs — kot + kot)dr
o
M? tdr _
t g (Eoit Q)f° T oM~'r — R;)

t -1, _
47r 0 RT

where, this time,
t
f 5(x1 - T)(S(X2 _kot + koT)dT = 6(kox1 + Xo — kot) if(o < X1 <t, 0 <t - ko“le < t)
0

=0 otherwise
RT = [(xl - T)2 + (X2 - kot + ko‘l’)2 + Xg]l/z.
In this case, too, the zeros of the function A(7) = M~'r — R, are determined. We obtain

_ —Mxy — ko(x; — kot)] £ MR
1 — kM2

T
where

R? = M?[x, — ko(x; — kot)]* + (1 — k2M?)RG,
R} = x}+ (xg — kot)* + X3, k= 1+ ki

For R and k the positive determination is taken into account. If k2M? < 1 then the
function A has a single zero 7. If 1 < k*M? and h, > 0, where

KM hy = x, — ko(xz - kot) - (k2M2 - 1)1/2{k2R3 - [xl - ko(xz - kot)]z}”z,

then the function A(7) has two zeros, 7, and 7_ (7, < 7_). Finally, if 1 < k2M?and h, < 0,
the function A(7) has no zero at all. Taking into account 7.A'(r.) = * R, it follows that

t
%_1 (Mt — R;)=R'H(t—1,), if K*M? <1

0

= ROH( = 1,) +H( — 1)), if (I <KM?, hy > 0)

=0, if (1 <k*M?, hy, <0)
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[+ \(1—kM)(r—xl+koxﬁ""fl
k=*H(t —7.)In kR — [x; — ko(xs — kot)] "

if  (k2M? <1D)U(1 < k*M?, by > 0, t<72)

ft HM 't = Ry)

. RT - IH([ _ T) ln kR + [Xl - ko(Xg - ko

=[x — ko(x2 — kot)] ’

if (1 <k2M?,  hy>0)

0, if (1<kM,  hy<0).

The solutions determined here have not only a theoretical importance but also a
practical one. For example, the solution determined in Sec. 3 in the particular case m, =Q,
= 0 gives the perturbation induced by a fixed body which can be assimilated to a point, in
the presence of a uniform wind, and the solutions determined in Sec. 4 (for m, = Q, = 0)
give the perturbations produced at the leading edge of an aeroplane which moves in the
direction of the wind (in the same direction or in the opposite direction to the wind) or
perpendicular to the direction of the wind respectively.

Appendix. In Sec. 2 the following formulae are used:

T expliast)) = 8(1 = x;) 6(x2) 8(xs), (A1)
f',( ex |QI'|C¥11 sin l%,i"’) _ 4A47t6{M_lt _ [(xl -2+ ,‘3]1/2}q (A.2)

= [ exp (ia;t) |a O H{M 't [(x, — 1)+ r31A
f ( Ta]? (' - cos 7’)) B ™ [ ) L (A-3)

Formula (A.1) is obvious. In order to deduce formula (A.2) we use cylindrical coordinates
in the Fourier space: «; = a,, a; = p cos 0, as = p sin § and cylindrical conrdinates in the
physical space: x; = x;, xo = r, COS ¢, X5 = 1, sin ¢, as well as the formulae

= Jopro)p sin t M~'(p? + a?)"? H(t — Mry) a
\ (0" + )2 (& = 3Erm)E ©08 37 (1 = MPri)'™,

do=M
+®
exp (—iau(x, = 1)) €05 % (2 = MUY 2 doy = 705 | xy = 1+ 57 (17 = M)
Cw® M

+ 6 [x, -t — (t2 M"’rﬁ)”{|}, O(x — ¢) +o(x + ¢) = 2c6(x? — ¢?)
obtained from [6] and [5]. We get

(el )

h 1 2\1/2
= % [ exp (—jai(x, — 1)) da, [ Jo(pro)p sin t M~Y(p? + a?) W
‘ [

(p2 + a2)1/2
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_ H(@— Mr, w z_t’}_MH(t—Mro)
2w 6[(x1 0+ M2 4t

- % MMt =[xy = 1)? + 7))

Using the same change of variables we have

i (M) - L f_w exp (il — x)) ety fom Jolpro)p dp

|a|2 4r? a4+ p?

Bil(xy — 1) + P = M)

©

l @
= P ]; Ko(roary) cos ay(t — x,) day = Zl; [(2 = x1)* + 3] v2,

~ . 4+
f'1 (ex |a1|c§1t cos % t) = Zglr‘z f I exp (iay(t — x,)) da,

where

tdp.

_ [T Jder) el
1) fo p?+ ol M

Since the integral I(¢) is not given in tables, we shall calculate it here. Obviously we have

10) = K(lau] r),  I'(1) = — %cos & (2

t t -1(.2 __ 2 1/2
I1) = 1(0) + fo I'(rydr = Ky (law| 1) = H(t — Mry) | <2 “Eff_(;ﬁz)ﬁ’g) 7,
Mr, 0

1

and consequently

B lal )) . H= n) d
2 — 0 T
(1~ cos 1)) - wr, (77 = M)

{5 [xl -1+ = (T - M7 2)1/2] +8 |:x1 - —(T - Mzrz)m}}

H(it—-M t 2
ot M,f[‘*t")“f’%— @

= —Q—M L oMt = [y = 0 + )y

Mro

I

The final integral is non-vanishing only if M[(x, — t)? + rZ]¥? < t, the inequality r, < [(x,
— r)? + rE]"? being always fulfilled. In these conditions, the factor H(t — Mr,) becomes
superfluous and consequently formula (A.3) is obtained.
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