66 PRINCIPLES OF ONE-DIMENSIONAL FLOW
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compresstble and mceompressthle thud motion.

18. The Energy Equation. [Fuarther information on flow in a
streaminhe e b gainced Dy application of the principle of conser-
vation of energy. This i mercly a complete accounting of the vari-
ous energy changes within a portion of a flow svstem and presents
no dithculties once these energies have been identified.  Consider-
ing a reasonably (hut not completely ') general situation (Fig, 310,
the possibility of heat energy, £y, and mechanical energy, £y, be-
g added or extracted from the ow must he allowed: such energies
will be taken to be the amount of encrgy added or extracted per
pound {weight) of fuid. 1t follows {rom this that such cnergies
must have dimensions of foot pounds per pound (ft-1b/1b) or the
dimensional cquivalent, It

The separate encergies possessed by the Howing luid are those as-
sociated with (emperature, pressure, velocity, and height above da-
tum.  The internal energy, £ per pound of fluid is the energy asso-
ciated with the kinetic energy of the molecules and the forces be-
tween them.  The velocity, or Kinetic, energy of one pound of fluid

! Chemical. electrical. and atomic encrgies are excluded from this analysis.
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THE ENERGY EQUATION 67

may be written down dircctly from considerations of mechanics:
the general expression for the kinetic energy of translation is £/ V¥
for one pound of fluid however M = 1 ¢ so the kinetic encrgy be-
comes V?/2¢ ft-Ib/lb.  Again mechanics shows that the potential
energy of a weight W at a vertical distance = above datum is (rela-
tive to the datum) Wz ft-lb; if the weight considered is one pound,
the potential energy of the fluid is simply = ft-Ib/Ib.  The energy

2
z -] Al ke
H |
/ P2T27 | v —
Y Ay | :
( 2

Machine Eyy

22

{ Datum

Fic. 31

contained in each pound of fluid mav therefore be expressed  as
P
V= , .. . .
<Z + 5 + 2z ) ft-Ib/Ib.  Restricting the discussion to steady flow
o
Pal
and considering the continuity principle, cach pound of fluid enter-
ing the houndary 1221 of Fig. 31 through scction 1 must displace a
pound of fluid which will move out of the boundary across section 2.
Therefore

Energy carried in by V®
- L =7 3z
[ezlch pound of fluid o e T
Encrgy carried out by | 17)°
[ o l, R Bl £l e o
cach pound of luid 2¢

Consider now the work done on the fluid within the boundary by
a weight of fluid entering the boundary and that done by the fluid
within the boundary on the same weight of fluid leaving. Suppose
that in a certain time a weight of fluid (Ad1v; Al}) moves into the
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boundary across scection 1 and that in this time a weight of fluid
(Ao AlL) leaves the boundary across section 2. The work associ-
ated with these displacements can be computed from the products
of forces (p1d; and pads) and displacements (Al and A/y) which
give piAdy Aly and pycdy Als, respectively. For inclusion in the en-
ergy equation these work terms must be written per pound of fluid
Howing; this mayv be done by dividing by the number of pounds of
fluid (Ayy; Al and Aays Als) doing the work, giving p/v, and
po/ve, respectively.  From this development it is evident that a
pound of Hluid ¢ntering the boundary at 1 does work p;/v; on the
fluid within the boundary and that the flaid within the boundary
does work pa/vs on a pound of fluid leaving at section 2. From this
it follows that the net work done on the fluid within the boundary is
(p1/v1 — p2’v2), which mayv be written as (pyoy — povs), the prod-
uct pr being g(ll(ld]l_\ known as the “How work.”
The energy cquation may now be written (Itg. 31) as

Energy entering Net flow work done Inergy  leaving
the boundary + [ on Huid within the| = | the boundary
1221 i boundary 1221 | 1221
or
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r, collecting terms of the same subscript and replacing pr with p/v,
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With the encrgy equation written in the pattern of equation 33,
the flow work terms p’y become associated with the energy terms
I, V%20, and z; and because of this p/y is generatly (and conven-
iently) treated as the “pressure energy' of the fiow.  Although the
foregoing development lms shown that p 'y is not strictly a pressure
energy its usce leads to no practeal difficults in fluid flow problems.?

Assuming an increasc in all of the separate energies from section 1
to section 2, equation 33 may be written in differential form,

dI +d(p/v) + d(V* 22) + ds = dEy + dLy (34)

? In fonflow svstems the flow work term does not appear, so its equivalent pres.
sure effergy has no meaning in such pmbluns
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which is convenient for comparison with the Euler equation. All of
the terms of equation 34 can be casily visualized as applying to a
streamtube clement of differential size, with the possible exception of
dEy which implies the existence of an infinitesimal machine and
leads to a contradiction since in practice mechanical energy is added
in large “lumps’ rather than in differential quantitics.  For this rea-
son it is not inconsistent to omit df5y from cquation 34 but to in-
clude Ey in equation 33. Omitting dEyy, cquation 34 becomes

dI + d(p/y) + d(V?2¢) + ds = dEgy (34a)

19. Comparison of the Energy and Euler Equations. Comparison
of equations 32 and 34a leads dircctly to some useful conclusions.
Restating these equations,

vdp + d(V?/2¢) +ds + (+/yR) dl = 0 (32)
dl + pdv +vdp + d(17* 20y +ds — dEy; = 0 (34a)

it is at once evident that thev have three common terms.

For the flow of liquids, where change of density and specific vol-
ume may be ignored, de will be zero causing p dv to vanish and lead-
ing to the conclusion that

(r/vyR) dl = dI — dEy

Later it will be shown that (7/yR) dl is known as the “head loss” or
“energy dissipated by friction”; the cquation offers proof that head
loss is not a loss of total cnergy but rather a conversion of cnergy
into heat, part of which lcaves the fluid and the remainder serving
to increase its internal energy.  This is the practical case of incom-
pressible flow as it appears in many engincering applications: here
head loss is a permissible and uscful coneept, because heat energy
leaving the flow and energy converted into internal energy are sel-
dom recoverable and are in effect lost from the uscful total of pres-
sure. velocity, and potential encrgics.  For compressible fluid mo-
tion this is not generally true, since the useful total of energies will
include the internal energy.

Another fruitful comparison between the energy and Euler equa-
tions may be made by considering the condition of frictionless flow.
Here 7 = 0 and the Euler equation reduces to

vdp 4+ d(V¥/2¢) + dz = 0




