goooboooobgon

0 17010 20100 102-113

The “two-constants” theory and tensors of the microscopically-descriptive
Navier-Stokes equations

SHIGERU MASUDA

Graduate school of Tokyo Metropolitan University, doctoral course in mathematics
E-mail: masuda-sigeru@ed.tmu.ac. jp

Abstract
The “two-constants” theory introduced first by Laplace in 1805 is the currently accepted theory de-
scribing isotropic, linear elasticity. The original, microscopically-descriptive Navier-Stokes [MDNS] equations
were derived in the course of the development of the two-constants theory. From the viewpoint of these equa-
tions, we trace their evolution and the notion of tensor following in historical order the various contributions
of Navier, Cauchy, Poisson, Saint-Venant and Stokes !, and note the concordance between each.
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1 Preliminary Remarks

In this report, we use the following definition of the stress tensor, due to I. Imai[7, p.178]: we call a 3 x 3
array such as P a stress tensor that returns a new vector P, when multiplied from the right by the column
vector of directional cosines:

Prg Doz Pyz Pz l

Pny = | Pzy Pyy Pzy m = P,=P-n

P, Pzz Pyz P2z n
Moreover, if p;; = pj; for all 4, j = z, y, 2 then this tensor is said to be symmetric. If we suppose for example ¢;;
is the (i, j) element of a tensor, and t;; = —t;; then the tensor is said to be anti-symmetric or skew-symmetric.
Throughout the paper, we display for brevity a tensor by specifying its components, such as d;; of the well-

. . 3 .
known Kroénecker-delta. Furthermore, we write vex = D, %‘; = z—;‘ + ;‘ﬁ-;—’ + % --- where we have employed

the Einstein summation convention 2. Simplifications occur as, for example, in Navier’s elasticity of (1-1) in
Table 4 where the tensor can be expressed as follows:

3du +d”+“—"’) (@+ﬂ vy du € +23 du+g; &+ E
dy dz dzx dx dz - ¢ du + dv 6 + 2 dv dw
d d d d == dy 7 dz d dy
el (Z+32) (P+3p+4) (R+% _,%+§_u +(5w 6+2d’{u Y
d
oo +‘$) (H+g_;+3ﬁ where 6—32+‘i"’+7;;,
Expressions in Poisson’s elasticity (3-1) in Table 4 are also of a similar form.
Moreover, we can easily express Navier’s stress tensor ¢,; of elasticity in the form: ¢;; = —e(8i;uk i +ua j+u;:).
Stokes’ fluid theory (20) or (5) in Table 4 affords a second illustration: t;; = (—p — 2pv k)dij + p(vs; + vj4),
or the equivalent expression o;; = —pé;; + ;J,(Q—”-‘- + %f) 6” Sk . 3

In what follows, “tensor” means the stress tensor as defined by 1. Imai. * When referring to a “ fluid ",
an “elastic fluid” is implied.

2 Introduction

We have studied the original MDNS equations as formulated by their authors °, Navier, Cauchy, Poisson,
Saint-Venant and Stokes, and endeavor to ascertain their aims and conceptual thoughts in formulating these new
equations. The “two-constants theory”  was first introduced in 1805 by Laplace 7 in regard to capillary action
with constants denoted by H and K (cf. Table 2, 3).Thereafter, various pairs of constants have been proposed
by their originators in formulating MSNS equations or equations describing equilibrium or capillary situations.
It is commonly accepted that this theory describes isotropic, linear elasticity. 8  We argue that Poisson had

! Navier(1785-1836), Cauchy(1789-1857), Poisson(1781-1840), Saint-Venant(1797-1886), Stokes(1819-1903).

2Remark: in general, Uk k # v4,j because the summation convention is in force when there is a repetition of indices.

3c.f. Schlichting [20], in our footnote(22).

4Numbers on the left-hand-side of equations refer to those given by the author in the original paper while numbers on the
right-hand-side correspond to our indexing. The subscript to the original indexing, for example N¢/N/, refer to author and type
of theory, such as “ elastic/fluid by Navier " . For equations indexed by section, the citation is then in the format “section no.-no.
by author”.

5The order followed is by date of proposal or publication.

6S0-called by the author because of the prominence of two constants in the theory.

7Of capillary action, Laplace[8, V.4, Supplement p.2 ] acknowledges Clailaut[3, p.22], and Clailaut cites Maupertuis[10].

8Darrigol [4, p.121].
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already pointed out the special aspect deduced by Laplace when, in 1831, he states, “elles renferment les deux
constantes spéciales donc j’ai parlé tout & 'heure” [18, p.4]. Poisson was, we think, one of few who were aware
of this issue.

3 A universal method for the two-constants theory

In this section, we would like to propose a universal method to describe the kinetic equations that arise in
isotropic, linear elasticity. This is outlined as follows:

e The partial differential equations describing waves in elastic solids or flows in elastic fluids are expressed
by using one constant or a pair of constants C; and Cy such that:
for elastic solids: %—j? — (C1T1 + Co 1) =1,
for elastic fluids: 4% — (C1Ty + CoTo) +--- =1,
where Ty, Tb,--- are the first kind of tensors or terms constituting our equations. For example, the
MDNS equations corresponding to incompressible fluids is composed of the kinetic equation along with
the continuity equation and are conventionally written, in modern vector notation, as follows:

%%—pAu+u-VU+Vp=f, divu = 0. (2)

e C; and C; are the two coefficients of the two-constants theory, for example, ¢ and E introduced by Navier,
or R and G by Cauchy, k and K by Poisson, ¢ and § by Saint-Venant, or  and § by Stokes. Moreover,
C1 and C; can be expressed in the following form:

Cy1 = Lr1g151, Sy = [fgs— Cs, N C1 = C3Lrig1 = & Lrgy,
C2 = Lr2g2Ss, Sy = [[ gs — Cu, Cy = CyLrags = ELrags.

o The two coefficients are expressible in terms of either the operator £ ( 3 g° or f0°° )} depending on one’s
personal preference, 2 where r; and 73 are radial functions related to the radius of the active sphere of
the molecules, raised to some power of n for Poisson’s and Navier’s cases, the relationship between these
functions can be expressing by a logarithm with base r such that: log, 72 = 2.

e g1 and g, are certain functions which depend on r and are described with attraction &/or repulsion.

e S; and S, are two expressions which describe the surface of the active unit-sphere centered on a molecule
through application of the double integral (or single sum in the case of Poisson’s fluid).

e g3 and g4 are certain compound spherical harmonic functions to calculate the moments over the unit
sphere.

e C3 and Cy are indirectly determined as the common coefficients derived from the invariant tensor. With
the exception of Poisson’s fluid case, Cs of C; is %", and Cy4 of C; is %, which on computing only the
molecules, and which are independent of personal preferences. In Poisson’s case, we get the same as above

after multiplying by ﬁ. integrals are calculated from the total moment of the active sphere of the

o The ratio of the two coefficients, including Poisson’s case, is an invariant: gi = %

4 Genealogy and convergence of the stress tensor

We show in Figure 1 a genealogy tracing in particular the form of the tensor t;; appearing in the Navier-
Stokes equations. In Table 4, we differentiate between the tensors associated with elastic solids or elastic fluids.
From this genealogy, it could be asserted that Cauchy[l, 2] was the inventor or the first user of tensors, a
view supported by the admission of Poisson[17] that he received the idea of symmetric tensor from Cauchy.
Moreover, the tensor idea of Saint-Venant reappears in the work of Stokes. Here, we denote the two routes as
NCP and PSS, both of which are portrayed in our figure, and by which we can explain the genealogy of tensor
as it applies to the MDNS equations. cf. Table 4.

(fig.1) A genealogy of stress tensors in the prototypical Navier-Stokes equations

9At the time, there were heated arguments over Navier ’ s integration and Poisson ’ s summation.



Table 1: Cl, Cz, Cg, C4:

Navier, Cauchy, Poisson, Saint-Venant & Stokes
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definitions of constants and computation of total moment of molecular actions by

[no]name/problem

[elastic solid

Jelastic fluid

Jremark

( Navier[l3] only: )

= 1rf cos2p8m pdp = 2r

) ( Navier[12] only: ) Ci=¢e= § oo dp - p*f(p)
Navie Cime=122 [%dp. phsp Cr=E=%[2dp #F)  |a=posvemsg,
1 E‘T;'Flgﬂ Cs = [ dy [I" cospdyp g3 = {1¢, 4,2} Cs = f? dwfo cos Pdy ga 5; Z::$ sin e,
>3 =2 =>{19’30}=>15
Ca = [ do [,* cosypdyp gg = 22
( Cauchyl2] )
Gi=R= 2"5A Joo r3f(r)dr cos a = cos p,
=+ 21rA f {T4f'(7') ~ r3f(r)}dr cos 8 = sinpcos q,
o |Cauchy Ce = G i 2 Taf(")dr ( Cauchy{2] ) cosy = sinpsing
elastic and fluid[2]|C3 = 1 (;"" oos 2 qdg [y cos® a cos? Bdp, same as elastic solid A= %: mass of
= ; 02"cos qdqf cos? psin? psinpdp = —-’51, molecules per
Ci=1 o Jo cos? asin pdqdp volume.

Poisson
elastic:{15, 17]
fluid:[17]

( Poisson[15] only: )
5d fr
Cr=k= 152_5 dr
C'z—K_2"Z——gfr
Cz= [, d’yfo cos Bsin 8dfB g3 = 25",21—’5'

Cy = fo d’yfo cos Bsin Bdf g4 = <& 2"

2w
= 15

Remark: Cj3 is choiced as the common factor of {-,-}

( Poisson|17] both elastic and fluid )

Crm —k = -y 3L
_'ZﬂE r3 difr
15 41ri3 dr
Cz='KE_65 Srfr
— _2r T
- Z47r53f aly
— 1 3¢ 7JT
Cs: G_ﬁz:r dr !

E=F= 02 3d fr
= {5 30} = 39

In Poisson[17],
he treats both
elastic and fluid the same.

x1 = rcosBcosy,
y1 = rsinGsin~y,
{=-—rcosf

Ci: 3y N i Srfrod
4 |Saint-Venant[19] Ci=¢, Co=2=%
5 [Stokes[21] C1=A, C2=B Cr=p, C2= %

Table 2: The two constants in the kinetic equations

[nolname [problem  ]C1]C:|Cs ]C,s L frilrzJg1 Jgz  Jremark
1 H;}ner elastic solid |e % j;)w dolp*l |fp p : radius
Navier . s el i
2 (13] fluid e & I dole?| [f(0) p : radius
E =\ dp| |p° F(p)
system
Cauch of particles " o0 y
3|2 Y i AL | f>dr?| |f(r) f(r) = £[rf (r) — £(r)]
and fluid
f(r) #1(r),
G A dr| |r® +f(r)| A = 4}: mass of molecules
per volume.
- e
4 E‘;‘fs"n elastic solid [k | |2z PR
k| |z loa| el
Poisso: lastic solid d.ifr -
5 n e 1c§01 k 3_10 221! 3 d:rf Ca=ﬁ";—5=%
[17] and fluid
k| b lealb] i lo=d%-i
Saint-Venant|, . .
6 [19] fluid € |5
Stokes
i o
7 [21) fluid no|4
8 f’ztl‘]kes elastic solid (A |B A=5B




105

Table 3: The two constants in the equilibrium equation

[nolname [problem [CiC2[Cs [Ca ] I Irefr Jgo  [remark
Laplace
1 {[8, V.4, Supplement p.9 }|capillary action |H| |2x I3 dalz U(z) z: distance
[9, V.4, p.700]
K 2 [ dz U(2) |cf.Gauss[5]
2 E(;l}sson capillary action {H zp° I drjrt ©r [18, p.14]
K Zx p?| [ dr 3 or  |[18, p.12]
Navier
3 [fluid equiliblium of fluid|p & f;’o dp|p® f(p) p : radius
[13]
Poisson . . 1 1 _12r _ 1
4 (17, §5, 946, p.104] equiliblium of fluid|p 5 >3 T R Cs= -9 =%
ol i | Izal] emoi=ie=
Navier[12, 13]®
/ [
(Euler) = --- | Poisson[15, 17]e => Saint-Venant[19]f = Stokes[21]]
N 4 fto /
Cauchy/[1, 2]§
+ molecular deduction— || +« non-molecular deduction—
« Navier-Cauchy-Poisson pattern— || «—Poisson-Saint-Venant-Stokes pattern
® Navier: t§; = —e(dijur,k + ui,j + uj.i), t{j = (p — eukk)0ij — e(uij + Uji)
. e 2
e Poisson: tj; = —%(&juk,k + ui; + uji), t{j = —pdij + Avk k05 + p(vij + v5,4)
§ Cauchy: tfj’-‘f = AMg,x0i5 + p(vi; +v5i)
1 Saint-Venant: t{j = (%(Pzw + Pyy + Py;) — %ka,k)&-j + e(vi,j + vj,i), %(Pza: + Pyy+ P2)=—p
1 Stokes: t/; = (—p — 2k x)8i; + p(vi; + v5.5),
® Poisson states his reduction of the independent tensor elements from 9 to 6 is due to Cauchy. (cf.§5.2).

5 Derivations of the two constants and tensor

Recently Darrigol [4, p.121] has concluded: “it is called that the two-constants theory is the one now accepted
for isotropic, linear elasticity,” but Poisson [18, p.4] has stated already in 1831: “elles renferment les deux
constantes spéciales donc j'ai parlé tout & 'heure. " Moreover, we believe that the first proposer of a “ two-
constants " theory was Laplace [9] in Table 3.

5.1 Navier’s two constants and tensor

In his theory of elasticity, Navier deduced the single constant ¢ in (1). The corresponding Navier-Stokes
equations derived by Navier himself for incompressible fluids (2) are as follows:

1dp _ d’u a2y du d?v Pw ) _du __du ., _du , _du_ .. .
‘X+€(3Em‘7+a§f+a?+2dmy+2dxdz dt dr YT gy VT dz W

p dzx

1dp _y 4oLy 43 d® Lo d®u | gdlw ) dv_dv , _dv.,_dv . 3)
pdy dx? dy? dz? dzdy dydz dt dz dy dz ’

1dp _ Pw , dw  gd’w  9du L odv ) _dw _dw , _du_ ,_dw .

de—Z+E d15+dy5+3dz7+2dzdz+2dydz dt dr "~ U dy v dz W5

along with the equation of continuity: %’j_ + % + ‘fi—’;’ = 0. Navier supposes two constants as follows:

8 o0 4 0 4 e 2 ©
G1ow e=35 [0~ [ dto) E=T | dertre) =5 | wre. @

In the case of fluid, Navier was well aware of the necessity for the equation of continuity, because from (3) he
obtained €A by differentiating the equation of continuity with f;, %, %. For example, the e-terms in (3), as
well as (5), are reduced to eAu as for example in (6). This is solely due to the mass conservative law, according
to the explanation given by Navier.

As an aside, Navier always used his well-used method involving a four-step procedure to solve three equations,

such as the equilibrium equation for the fluid [13], the kinetic equation for the elastic (12], and the kinetic



106

equation for the fluid [13] with general methods as follows: e initially, to deduce one or two constants including
incomputable function such as fp, f(p) or F(p) in Table 2, e then to construct the indeterminate equation,
e then to make a Taylor series expansion and partial integration, exchanging d and 6, and pairing with the same
integral operator, e and finally, to solve the indeterminate equation from the two points of view, the interior
and the boundary. We present more details of this procedure by outlining Navier’s analysis of fluid flow [13].

5.1.1 Indeterminate equation

The indeterminate equation, so-called then by Navier, is as follows:

[P-2 - p(%+uls oot +w§‘z‘)}
(324)ys 0 = /f dedydz { [Q — % - +uj;+vd”+wdv)]
) [R gﬂ——p d“‘+u +vd—“’+wd"’)]5w

du édu du ddu du ddu dv §du dv édu dw §du
3dz dzx +dy dy +dz dz)+(dy dzx +d1 dy)+( z

+
du édv du ddv dv ddv dv ddv dv édv dw ddv dw ddvy
E///dZdydz dz dy+dy dz)+(dz dz +3dy dy+dz dz)+(dy dz+dz y
du ddw du ddw dv §dw dv édw dw $dw dw ddw dw ddw
dzdz+dzdz)+(dydz+dzdy)+(dxdz+dydy+3 )

Sds® E(udu + vév + wéw). (5)

+

5.1.2 Determinate equation from a Taylor series expansion and partial integration

Putting Sds?E(udu+vév+wdw) = 0 in the indeterminate equation (5) and performing a Taylor series expansion
to first .order and neglecting higher-order terms, we get as follows:

— 2 (Bt u o+ )+e(%+%‘é+%‘;)]6u
(3-29) s // dzdydz Q d dt+udz+v +w )+6(%‘,’v+§%¥+%‘f) v (6)
2 2 2
[R- %-p dw 4 yde 4 vﬁ+w5)+s(ﬁ—z¥+‘f,—;€-+‘fi—z‘¥]6w

From (6) we obtain (3), i.e. the kinetic equation, which is equivalent to the first equation of (2).

5.1.3 Determinate equation deduced from boundary condition

As a boundary condition, Navier used two constants in one equation. In this aspect, his method is unique
among the original formulators. Navier explains as follows: regarding the conditions which apply at the points
on the surface of the fluid element, if we substitute
edydz — ds?cosl, where [ is the angle by which the tangent plane makes with the yz-plane of the surface
frame,

e drdz —  ds?cosm, where similarly m is s the angle with the zz-plane,

e drdy — ds?cosn, where similarly n is the angle with the zyplane,

e [[dydz, [fdzdz, [[dady — Sds®, where S is the unit normal to the surface at the point,

then, because the factors multiply du, §v and éw respectively reduce to zero, the following determinate equations
should hold for any point on the surface of the fluid element:

Eu + ¢[cos 123 +cosm(3’y‘ + ﬂ) +cosn( % + d—“’)] =
(3-32)ns Ev +s[cosl( + gz) + costd" + cosn( 9L 4 duw )] (7

Ew+e[cosl( +‘(§'Z‘)+cosm(dy+ )+cosn w]:

Here the value of the constant F must vary in accordance with the nature of solid with which the fluid is in
contact. The equations of (7) are an expression of conditions prevailing on the boundary of the surface and
constitute the so-called boundary conditions. The first terms of the left-hand-side of (7) are defined in (4) for
the expression that we seek for the sum of the momentum of all interactions arising between molecules on the
boundary and the fluid, while the second terms are the normal derivatives. Here, derivative terms on the left-
hand-side of (7) are expressible as v; j +v;;. If we introduce the basis of the tensor as [ cosl cosm cosn ]T,
then the tensor part of (7) is expressible as: t;; = [{2v; ;— (vi j+v;,4) Y035+ (Vi j +v;,0)] = €{08s;+ (vi j+v;:)} =
E('U,"j + Uj,,;).
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5.2 Cauchy’s two constants and tensor

In this section we assume the following definitions:

¢ a, b, c: the coordinate values of a molecule m in the rectangular axes of z, y, z; ® a+ Aa, b+ Ab, c+ Ac:
the coordinates of an arbitrary molecule m ; e &, 7, ¢: three functions of a, b, c representing infinitesimal
displacements parallel to the axes of molecule m; e (z, y, z), (z + Az, y+ Ay, z+ Az): the coordinates
of molecules m and m in the new state of the system ; e r(1 + ¢): the distance between the molecule m
and m ; e e: the dilatation of the length r in the path from the first state to the second, and then we have
z=a+§ y=b+n, z=c+(; e X, Y, Z: the quantities of the algebraic projections.

Cauchy deduces the three following elements of material points of elasticity after calculating the interactions
of molecules, the details of which are omitted for sake of brevity. Moreover, we start with the following equation
of elasticity

(L+G>#+(R+H)#+(Q+I>aé+2Raaab+2Qaiza,
0)c Y= (R+G)3a +(M+H)ZY (P+I)ac +2P%5%+2Rm§5’
Q+G yaé-l_ P+H)%§+ N+I)%§+2Q653a+zpabac

which displays all 9 components of a tensor. ( The invariants of the tensor are represented by the two constants
G and R. )
Cauchy says of the elements of the tensor, i.e. the invariable values: G, H,I,L,M,N,P,Q, R:

If we suppose that the molecules m,m’,m”,--- are originally allocated by the same way in relation to the
three planes made by the molecule m in parallel with the plane coordinates, then the values of these quantities
come to remain invariable, even though a series of changes are made among the three angles: o, 3,

Cauchy considers symmetric tensors such that:

()¢ G=H=I, L=M=N, P=Q=R, (45)¢ L=3R

= (R+G)( 5 + 58 + 53 ) + 2R,
46)c{Y = (R+G) (L3 + 23+ Z2) + 2R, (47)c =2t Tl S
2
= (R+G)( 5% + %f + 55 ) +2R%,

Cauchy may be the inventor of the term !0 “tensor”, and Poisson supports Cauchy ’ s symmetry properties
when he reduces the number of independent components from 9 to 6 elements, in the following quote:

D’un autre c6té, il faut, pour I'equilibre d’un parallélépipéde rectangle d’une étendue insensible,
que les neuf composantes des pressions appliquées 4 ses trois faces non-parallélles, se réduisent &
six forces qui peuvent étre inégales. Cette proposition est due & M.Cauchy, et se déduit de la
considération des momens. [17, §38, p.83]

Continuing, we define the density of molecules as: (48)¢ A = %, where M is the sum of the mass of molecules

contained in the sphere and V is the volume of the sphere. We then find expressions for the two constants, G
and R:

50 G=+% [~ f’r r3f(r) cos? a sin pdrdqdp = +28 f0°° 3f(r)dr
(50)c R=% fooo p f 3f(r) cos® acos? Bsinpdrdgdp = Z2 [ r3f(r)dr = £228 [* [ A/ (r) — rsf(r)] dr

where we have used: (51)¢ cosa = cosp, cosf = sinpcosq, cosy = sinpsing. ! When we calculate
these values in the general case then (8) yields the following expressions:

A= [L+OE+(R-0O)B+Q- %A, D=|(P+DE+(P+H)E|A,
(56)c {B= (R-H)g§+(M+H)-gg+(P—H)g§]A, 6N {E=|Q+3% +@Q+DNZ|a,
C=|Q-DE+P-DF+WN+DE]a, F=|(R+H)%+(R+G)2|A,

10The editors of Hamilton’s papers [6, p.237, footnote] say, ” The writer believes that what originally led him to use the terms
‘modulus’ and ’amplitude,” was a recollection of M. Cauchy’s nomenclature respecting the usual imaginaries of algebra.”
11'We obtain the following results:
3

™
fo cos? asin pdgdp = 2 [ cos? psin pdp = 27r[— C—"—S:;—E]O = %",

2 5. 17
02" Jo cos? acos? Bsin pdp:f:" cos? qdy [ cos? p(1 — cos? p)sinpdp = [% + isin2q]0 [— %2]0 =3 -02-3= ‘i—’g

= l4n _ 2n = lin _ 27
CGi=31 =1 Ci=35=%F,
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By (41)¢ and (45)¢, we obtain the following reduced form:

4 _-2R+G)LE +(R-Gp, £=2R+G)Z+(R-Gp, £ =2R+G)%E +(R-GC)v,

D (R+G)(%’g + -g-g), £ (R+G)(—g—§ + %ﬁ), L= (R+G)(%§ + %}).

For the sake of convenience, in the particular case when booth (41)¢ and (45)¢ hold, it is sufficient to have :
(59)c (R+G)A=3k, (R-G)A=K, = R= k2K G = k2K Equations (56)¢ and (57)c can be
displayed in a more convenient manner

el 1 a a a 8
1 F E k% + Kv §k(5§+5§) k(% + 2%
60)c = I;gzc) = | (% +32) kF+Kv 3k(2+5) |- (9)
1 a e} 1 el a a
1p(% 4+ %) 1k 33+5§) k% + Kv

Here, we must remark that the layout of the symmetric tensor of (58)¢ or (60)¢ is Cauchy’s invention. If,
moreover, the condition (54)c : R = —G holds, then £ = 0 holds, thus yielding the following identities:
(6l) ¢ A=B=C=Kv, D=E=F=0.

5.2.1 Equilibrium and kinetic equation of fluid by Cauchy

In what follows, equations referring to Cauchy’s work on fluids will be designated in the form (-)c- instead
by ()¢ to distinguish these from equations appearing in his work on elasticity above.
( Verification of equations in fluid. )
By replacing (a, b, c) of (56)¢ and (57)c with (z, y, z), we derive an equivalent set of equations for fluids as
for elasticity. We omit for the sake of brevity the precise process in leading to the two constants or equations
and present the final form

JA AF IE —

35+a_y+35+XA—01 A F E % X
(16)c- {E+E +92+vA=0, = ggg % +A }Zf =0

oF 8D ac —_ e

Fz-+6_y'+?z—+ZA—07 7

We follow the layout of Cauchy’s symmetric tensor as presented originally in (76)c.. By replacing R + G and
2R with Cauchy’s usage C; = R+ G = %, Ce =2R = ggz_x, we can reduce these equations of fluids in
motion and in equilibrium to the same form (46)¢ found for elasticity. However, here, we would like to adopt
not Cauchy ' s C; and Cs but C; = R and C; = G, because it is more rational to do so, as can be seen by
checking the reciprocal coincidence in Table 2. 12

( Comparison with and comments on Navier’s equation in elasticity. )

Cauchy states: for the reduction of equations (79)¢» and (80)¢- to Navier’s equations( [12] ) to determine
the law of equilibrium and elasticity, it is necessary to assume such as the condition which we have mentioned
above: k = 2K. If G = 0 then we get as the equations of equilibrium and the kinetic equations in equal
elasticity, then the tensor is equivalent with the tensor not only of the elastic but also of £ in Navier’s fluid
equation (3) ( c.f. Table 4).

5.3 Poisson’s two constants and tensor

5.3.1 Principles and equations in elastic solids

Below, we deduce K and k according to Poisson[15, pp.368-405, §1-§16]. For brevity, we introduce the
following definitions:

ar1 +byy +ce(z1 —G) =6, ¢%+¢;‘%+0§—;‘E¢',
a'z1 + by + (21 - (1) = 9, PR+ PR 4% =y, (10)
a"ty +b'y + (2 - () =0, PR+ PR oL = ¢

We assume that « is the average molecular distance, w represents a finite surface area, and 27 is the average
number of molecules in w. We then get the pressure terms.

(p+¢)C ., W+y)¢ ., 0+0)% . .
pP= Z fr, @= z asr’ fr R= Z adr’ i (11)
12Here, C; and C3 are not the two-constants defined here by us but introduced temporarily by Cauchy himself.
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By using his so-called effective transformation, 13, we get from (11) the following:

P=[F[2(g+g) X L fr+ (g9 +hh +U)gY L2 d,r A,

Q=JF [T [(h+ W) L fr+ (gg + bl + VA I 427|A, Ai=cosf-sinfdBdy,  (12)
R=[f (1+l’)2—5fr+(gg+hh'+zz'zzlg—;f—’]A,

Later, Poisson recalculates this problem in another book [17] 14, in which he deduces the general principles
behind elasticity and fluids, and hence derives the representative two-constants theory with K and k for both
elasticity and fluids as follows:

P=[K(+ %)+ k(38 + & 1 do) ot [Kdw 4 (e + 42|+ K4 + k(4 + 42 )],
Q= |K(1+%)+k cf;;+3 +&)d + K%+k(%+%) c+ |[K4 + k(L + %), (13)
R=|K(1+ %)+ k(4 +4 +3%)|" + KdT“;Jrk(dT‘;Jr%’;) c’+[K%+k(E %";)}c

where, for abbreviation, he uses similarly K and k. Moreover, instead of a in (11), he introduces € as the
average distance between molecules, and from the following considerations:

e on voit que la pression N restera la méme en tous sens autour de ce point: elle sera normale & ce plan
et dirigée de dehors en dedans de A, ou de dedans en dehors, selon que sa value sera positive ou negative, |
(transl): we see that the pressure N orients omni-directionally around an arbitrary point: A, and from outward
to inward or from inward to outward, according to that the value will be positive or negative, ( then we ought
to consider as 3 ) ; |

e from the assumption of isotropy and homogeneity of space, 2 = 22 + 32 + 22, = E-z-; fr= E%r fr,
(cf. Poisson [17], pp. 32-34):

1 1
(3-8) pe 5632 rfr = =t Zﬂ%ﬁ=2_’f L (14)

4Amed’ 30e3 r 15 4rmed dr

et étendant les sommes ¥ & tous les points matériels du corps qui sont compris dans la sphere
d’activité de M. [ = and extending the summation ¥ to all the material points contained in the
active sphere by M. ] (cf. Poisson [17], p. 46):
5.3.2 Fluid pressure in motion

15 Poisson’s tensor of the pressures in a fluid, which he assumes compressible, reads as follows:

du dw d d
U, U Us s dz dz ,3( +dg) p— al %_é__‘_z@_u
' ? ’ d d dw
_w_ ;%:%‘r“ﬁdz ﬁ(gg+;;) 5(3%5)

(k+K)a=p, (k—Kla=p, p=yt=K, = [+ =2ke,

where xt is the density of the fluid around the point M, and ¥t is the pressure. Here K and k are the same
constants as in (3-8) pe (=(14)) for an elastic body. Velocity and pressure are defined as follows:

d d diyt ! dxt e s .
u = (u,v,w), d—: =u, % =, Ei_ =w, W=p-— a%— - E_:)L——té_d_);’ (w =p, if incompressible.)
which substituted into (?7+--) yields
‘;—Zé=ﬂ+u"—“ v+ wit, p(X — GF) = +ﬁ(@+%},~:+§—z)
%Zg = dv+udz +vdy+wdz’ = (7’9)Pf p(Y )— dy +B(EE+Q—7+ )7 (15)
d’z __ dw 7 +ﬁ( + + )
iz T dt + 'U + w dz ' P( W

181 51t = L 4 (8! +py! +60) S50 (17, p.42)).

14In Poisson [17], the title of the chaper 3 reads “Calcul des Pressions dans les Corps élastiques ; équations defferentielles de
Uéquilibre et du mouvement de ces Corps.”

151n Poisson [17], the title of the chaper 7 reads “Calcul des Pressions dans les Fluides en mouvement ; équations defferentielles
de ce mouvement.”
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5.4 Saint-Venant’s tensor

Saint-Venant 16 explains that the object of his paper [19] is to simplify the description and calculation of
the molecular interactions without specifying the molecular function. We show Saint-Venant’s tensor, which
from the extract seems to hint Stokes {19]. For this section we introduce the following parameters: &,1,¢
are the Velocity components at the arbitrary point m of a fluid in motion in the coordinate directions z,y, z
respectively, Prz, Pyy, P., are the normal pressures and Py,, P,;, Pry are the tangential pressures with sub-index
pair indicating the perpendicular plane and direction of decomposition.

(I)SV Pzz_Pyy - Pzz_P.zx - Pyy Pzz - Pyz _ Pz:z: — Pa:y =¢
AR -0 AR-D) 2A0F-F) B+E L+%E E4m

where %(Pm + Py + PZZ) - % (%{ + =1 Y+ —9) = 7. From this last equation, we solve for normal pressure

as follows: (2)gy Ppr = 7 + 25%, Pyy =7+ 2(—: el P, =m+ 25%5. From (1)sy, we then obtain the
tangential pressures: Py:, P,z, Py, which then reduces the tensor to symmetric form

d d, d d d.
P Ty Ty ™+ 24, (35+?;L) €(3§+55)
;3 ;2 ? = | e(%+38) r+28 a(g—g+%§) . (16)
2 1 3 d d d
£ d—§+3§ e(;i-’zz+;,§) ™+ 2%

Saint-Venant says that by using his theory, we can obtain concordance with Navier, Cauchy and Poisson:

Si 'on remplace 7 par @ — 5(% + g—; + %1;’—), et si 'on substitue les équations (2)sy et (3}sv
dans les relations connues entre les pressions et les forces accélératrices, on obtient, en supposant ¢ le
meéme en tous les points du fluide, les équations différentielles données le 18 mars 1822 par M.Navier
( Mémoires de Ulnstitut, t.V1 ), en 1828 par M.Cauchy ( Ezercices de Mathématiques, p.187 ) 17, et
le 12 octobre 1829 par M.Poisson ( méme Mémoire, p.152 ) 8.  La quantité variable w ou 7 n’est
autre chose, dans les liquides, que la pression normale moyenne en chaque point. [19, p.1243]

Saint-Venant’s paper[19] seems to provide Stokes a clue to the notion of tensor (20) and his principle, because
we can see the close correspondence by comparing '° Saint-Venant’s tij:

tiy = (T4 2ev;; —v)8i; +7, (where, ~v=e(vij+v;4)),

_ /1 2erd€  dn d¢ -
= (5(P11+Pyy+Pzz)_'—(E+dy dz)+25'uz,3 )51]"'7

= ( (Pzz + Py + P,;) - vk k)(slj +e(v; g T vy, i) € 25'01',]‘6@']' = E(Ui,j + 'Uj,i)éij = 7045 (17)

with Stokes’ “t;; " (21). Here, using (17), if we put * P,; = P,, = P,, = —p by assuming isotropy and
homogeneity, which Stokes similarly takes as his principle as follows:

If the molecules of E were in a state of relative equilibrium, the pressure would be equal in all
directions about P, as in the case of fluids at rest. Hence I shall assume the following principle :

e That the difference between the pressure on a plane in a given direction passing through any
point P of a fluid in motion and the pressure which would exist in all directions about P if the
fluid in its neighbourhood were in a state of relative equilibrium depends only on the relative
motion of the fluid immediately about P; and

¢ that the relative motion due to any motion of rotation may be eliminated without affecting the
differences of the pressures above mentioned.

21, p.80].

Then (17) is equivalent to Stokes’ t;; as follows. For example, if we put € = u, and choose the ton component
of Saint-Venant’s tensor from (16):

d di
”+2E% = _p+(2‘§5%)_2_36(dz+%)= ptie §d§ %(d +Z§)}
= —p+2 %—%(%+d7]+gi)}=—p+25(%—6 = P, of Stokes’ (20).

16 Adhémar Jean-Claude Barré de Saint-Venant (1797-1886).

7 Cauchy [1, p.226]

18Poisson (17, p.152] (7-9)p; .

19Here, we cite the source of the tensorial description of t;; of Poisson and Cauchy from C.Truesdell[23], of Navier from G.Darrigol
[4], and otherwise by ourself or Schlxchtmg[20]

20¢f.I.Imai (7, p.185).



111

The other tensor components are likewise demonstrated but we omit the proof here for brevity. Moreover, Saint-
Venant proposes that putting 7 = w—¢ (%5 + %3 + %ﬁ) = W — €V, then ¢;; = (w — €k k + 2ev; 5 — 7)6,-]- +y=
(@ — evk,k)ds; + €(vs; +v;:). This form of his tensor plays a key role in common with Navier’s, Cauchy’s and
Poisson’s constants.

5.5 Stokes’ equations and tensor

In expressing the fluid equations in the following form

d 2 2
P —X)+ - p(fr+ G4+ 93) -4 (R +2+2) =0,
d 2 2 2
(12)s {pBE -+ -p(Lr+ L+ L3) - 44 (R +2+4) =0, (18)
D d d? d? d2 d (d d dw _
B -2)+ Eon(GE+ G+ 58) - tE (R 8+ ) =0

Stokes points out the coincidence with Poisson with the correspondence: w = p+ $(K +k) (g—: + g—; + %) =
Vw=Vp+4V-(V-u).
Stokes also makes the comment:

The same equations have also been obtained by Navier in the case of an incompressible fluid
(Mém. de I'’Académie, t. VI. p.389 ) 21, but his principles differ from mine still more than do
Poisson’s. [21, p.77, footnote]

He further states: observing that a(K + k) = 3, this value of w reduces Poisson’s equation (7-9) ps (=(15)
in our renumbering ) to the equation (12)g of this paper.  Stokes proposes his approximate equations in [21,
p.93] :
2 2 2
p %—X)+§g—u(g?‘;+3—‘;+%—;é)=0,
(13)s qA(BE-V)+ P2 —p(i3+45+%¥) =0,

d: 2 2 2
B —2)+ &~ n(G# + G+ ) =0

du dv dw
i + d_y + E =0, (19)

which are identical to (7-9) ps (=(15), adding that: “these equations are applicable to the determination of the
motion of water in pipes and canala, to the calculation of the effect of friction on the motions of tides and waves,

and such questions. ”  ([21, p.93]). Here we shall trace his deduction with the Stokes tensor in the form:
ol -0) a(gek) st )
P T3 Tz du dv dv _ _ (ﬂ t_i_’u_))
T, P, T, | = u(Grd) pow(f-0) -e(+i) | (20)
. T\ B —M(dff""% *#(%"'%‘Z‘}) P_2#(%—'f—5

= du 4 dv , dw
where 35—dz+dy+dz

He remarks: “it may also be very easily provided directly that the value of 34, the rate of cubical dilatation '’ .
We find that Stokes’ tensor can be described compactly in component form as follows:

—ti; = {p — 2p(vi; — ) + 7}o5 — v, < where, 7= p(vi; +vj4),
= {p — 2/,{,111‘7]‘}51']‘ + 7(—61'3' + ‘Sij — 1) <= where, 2/,1.1],-,]‘51-]- = ,u(’l)i,j + vj,i)éi,- = ’75,’1',
2
= (p+2uy)dij—v=(+ 5#”1:,16)51‘3' — wlvij +v54) (21)

Therefore, the sign of —¢;; depends on the location of the tensor in the equation. 2

Now, in considering the coincidence of (16) with (18), we see that Stokes’ tensor may have originated with
Saint-Venant’s. The article by J.J.O’Connor and E.F.Robertson points out this resemblance. 22 Moreover,
Stokes reports on the then academic activities within hydromechanics [22], in which he cites Saint-Venant[19].
Therefore, Stokes says: “I shall therefore suppose that for water, and by analogy for other incompressible fluids.”
([21, p.93]). At any rate, we obtain (13)s (=(19)) with (20) and the following (22):

Dy dP. dar. aTy, __ Du _ _
pPlor =X +Tx‘+a&+a‘—ﬂ(ﬁ X)+P-07 P P T T 3}‘
D daT: dP; arn, __ D — — a
p(Be-Y)+ e+ ai dmp(Br-Y)+Q=0, where @l = |n BT X
Dw dT; dT: dP; _ Dw — 2 1 3 e
pﬁ—z)+#+7y*+7f~/’(ﬁ—z)+3—ov #
21 Navier[13].
22Schlichting reverses the sign of the Stokes’ tensor as follows: 0y = ~pd;; + u(% + 3—;-’;) - %6,-3- %‘: [20, p.58, in footnote].

23¢f. J.J.0’Connor, E.F.Robertson,— http://www-groups.dcs.st-and.ac.uk/ history/Printonly /Saint-Venant.html.[14]

(22)
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6 Conclusions

The “two-constants theory” is the currently-accepted theory for isotropic, homogeneous, linear elasticity.
(Darrigol[4, p.121]). We have shown in our report: i) the original mathematical evidence in the genealogy of
tensor; of which ii) the tensors and the corresponding equations as developed historically by Navier (1822),
Cauchy (1828), Poisson (1829), Saint-Venant (1843) and Stokes (1845) ( sic. in order ) ; and iii) the appearance
of the notion of tensors especially in the work of Saint-Venant. It is our contention that his was an epoch-making
contribution, by simplifying and identifying the concordance between these pioneers of the MDNS equations,
for using only tensor without the microscopically descriptions, and providing context for the contribution of
Stokes.
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Table 4: Concurrences and variations of tensors
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{1 Jname tensor (3x3) coefficient matrix ( 3 x 5) in equations
tn = —£(3.. - —
(153_ 4) f( iUk ko Ui+ Usa) We define the coefficient matrix in elasticity : C%. as follows:
v d C% : the coefficient of
3du 4 dv | dw du 4 dv dw 4 du 2 2 2 2 2
dx dy dz dy dx dx dz %y d%u  B%u 9%y *w
du 4 dv du dv | d dv . d 8z  9y? 8z 9zdy 929z
—£ 9e T 4z 24332 42 gL oy cuw a%y ayv v 9%w 8%y
R dy dx dx dy dz dz dy = 55 =% s
Navier dw | du dv |, dw du | dv | qdw oz%  by* 0z% Jydz  dzdy
-1 asticit; 4t @t .T) (,T +3, T35 Pw %y Pw 9w 9%
Y * - oz oy r oy ez 5zZ B8y? 822 Bzdx Dyos
€ +2.g_“ du , dv dw 4 du th
x dy dx dz dz en
=—c| f+g c+2g—§ - I 31122
dw | du dv 4 dw €+ 24w 6-1)ye = C&= —e}| 1 3 1 2 2 = (3)
dz T dz dz T 113 2 2
where = g—;ﬁ + %E + %
tij = (p — eugk)dij — e(ug; +uj4)
3) Similarly, we define the coefficient matrix in fluid : C%
12 Navier e — ia% ) - 5(3—;- + gd—:) - e(}—': +d% , which contains p in (1,1)-é (2,2)- and (3,3)—e1;ment. \
““|fiuid —g(8 4 dv ¢ —2edr — e(%Y 4 du) , p—3 —-¢ —-e -2 -2
_E(ﬁ+£) —e(@d—?—ﬂ”— c‘f'_%dj'_w 3 = C‘7f1= - p-3 - -2 -2
L dzx dz dz dy dz - —g p—3 -2 —2
where e’:p_g(g_z+%+tlii_1:)
Conchy |52 Ak ki + p(vi; +v5,6) L R Q 2R 2Q
sy:l:en? (69)C§_§ k(3¢ 2 k(3¢ | 3 (#6)c = O = R M P 2P 2R
9 (contains koa +Kv 5(3‘5 + "7:1) 2 5‘5 +—5§§ 3 1 1Q2 P2 N 2Q 2P
k(o , 9n an k(on  9¢
:lc:s};icity 2 Z{i+622 iaba+K;g 2 3&'*' b J = R[l 31 2 2] )
2 faid) Li 5+ 3 5(;,,—’51+6,,) k% + Ky 11322
where u=aa+g—2+%§ where P=Q=R, L=M=N, L=3R
(G)Pe 2 2 2 2 2 2
d 2(d 2.d 2d 1d 1d
\ X— G+’ (G +idya sazé‘;+§7;’5+§ﬁ)
ti; = — % (Gijug e +ui,j + uj,i) =0, R R , , ,
e d2y d 2.4 2d 1d 1d
(6)P du du dv dw du Y - dt +a2(#+§dzfy +§dzﬁ+§ﬁ+§#)
31| Foisson 2 Ed+2_d§ E.l”‘fz; 374’55 =0,
elasticity | —2- | 2+ 9% €+2%2 Ly cw , a2 42 2 42 2 g2 1 142
Sl i E w T Z-y+a?(Sp+3Lr 42l s 1oy 4 1dy)
dx ddz d dzd dy dz 0
— U v w — VY
where 6_H+E§+E ) 311 2 2
= C% = —“T 1 31 2 2
113 2 2
; w+p B8 B8 00
7-9 = Cr= w+ 00
tij = —pbyj + Mk kdij + p(vi,; +vj,i) (T9)ps T g Jé] wﬂ_,_g 00
(77 ps According to Stokes: if we put
B j_u""%“! ﬁ(%‘i'gl) T +23% a du , dv | dw
3 | Poisson d= " da vt ) TS w=p+§(K+k)(2+2+5)
. U 1%}
fluid Blez +ay) m+263 ﬁ(gg*‘a) ) p+23é 8 B g g
d d d d d f _ 4
m+20% (% +9) B(de +42) = Ci=| 8 p+¥ B 5 3
wheren:p—aédtm—%%! B B8 p+x 3 3
x = (12)s (= (18)).
Remark: a(K +k)=p.
tij = (5 (Poz + Pyy + Pzz) — Svk k)8ij + &(vi,j + v5,0)
= (—p — Lvkx)0i; +e(vi,; +v5,4)
Saint 1r+2€%§, 6(%4—%) e(%&+%)
nt- ¢ 4 dn dn (iﬂ .45)
4 | Venant S\aytaz) "H2%q \&ta ’ no description in {19].
s d d d: d d
fluid € Eﬁ-}-é E(Eg"'i%) 1r+2sa§
dn | d
where m=13(Pec+Pyy+Pu) - (% + 2+ %)
— 2 d d
=—p-Z(L£+2+%) a9
tij = (=P — §1k,k)8ij + plvij +5,4),
tensor = —1 X - 4p g g
P+ W b 3 3
d du | d d d 4
S| [ 772(E-0) ~u(G+8) -u(BeB) | J09s = of= | ow e w g
5 |fuid —u(z—"+% p——2u(gﬂ— —“(%”‘Z—w') Bop —Pt3x 3 3
d‘:ll du dv Y dw ou( dw ya = (20)' 4 1
K E"'? ;l‘(d—;Jra; P‘#z—) Remark: $p=2p(1-3)
where 36= 2% + 8%+ 22 (20)




