
POL S K A AK A D E M I A N A U K
INSTYTUT MASZYN PRZEPŁVWOWYCH

PR.ACE
INSTYTUTU MASZYN

PRZEPŁYWOWYCH

TRANSAcTIo}łs

oF,TIiE INSTITUTE oF FLUID-FLoW MAc"rilNERY

69

TvARszAwA_pozNAŃ tszs
płŃSlTWoWE WyDAwNIcTwo NAUKowE

t

]

]

,

;j]



PRACE INSTYTUTU MASZYN PRZEPŁYWOWYCH
poś$dęcone §ą publikacjom naukowym z zakresu teorii i badań doświadczalnych
w dziedzinie mechąniki i termodynamiki przepływów, zs szczególlym uwzględ-

nieniem problematyki maszyn przepływowych

*

THE TRANSACTIONS OF THE INSTITUTE OF FLUID-FLOW
MACHINERY

exist for tbe publication of theoretical and experimental investigations of all
8§pect§ of the mechanics and thermodynamic§ of fluid-flow with special reference

to fluid-flow machinery

XOMITET REDAKCYJNY_ EXECUTIYE EDITORS
KAZIMIERZ STELLER - RPDAKTOR - EDITOR
JERZY KOŁODKO. JÓZEF ŚMIGIELSKI

ANDRZEJ ŻABICKI
REDAKCJA EDITORIAL OFFICE

Inśtytut Ma&yn Pnep§wowycb PAN.
8&952 Gdaó§k, slif. pocztowa 62l, ul. Gc!. Józefą Fisma t4,1cl. 41-12.71

. Copyrińt
by Państwowc Wydawnictwo Naukowc

wai§awa 1975

printcd in poland

PAŃ§TWOWE WYDAWNICTWO NAUKOWE - ODDZIAŁ W POZNANIU

Nakład 380+90 eeiz. Oddmo do składmia 1 IIl !975 r.

Ark. wyd. 14,75 Ark. druk. 11,5 Podpismo do druku 2 X.II 1975 t.

Papicr druk sat. kl. V. 62 8 70x 100 cm. Druk ukończono v grudniu 1975 r.

Nr .8ń. 259l9l. ąaa ń 45,-

DnUKARNIA UNIWERSYTETU IM. A,. MICKIEWICZA W POZNANIU



PRACE 1NSTYTUTU MASZYN PRZEPŁYWOWYCH
7*szyt 69

JoHN H. NEILSoN, RoBERT A, CRAWFoRD

Glasgow *

An Analysis of the Unstearly Charging Process in a Cyliniler

An analysis of the unstęady process whęre mass from an external source is used to charge a cYlinder

is presented in which account is taken of frictional dissipation effects in the nozzle and cylinder With

heat crossing the cylinder-nozzle envelope. The relationships are derived for the case where the cYlin-

der volume changes so that they are applicable to chargińg processes in internal combustion engines

and they may also of course be modified to deal with the charging of a constant volume tank. ,A com-
parison is made between the charging process and the process in which mass is discharged from a cY-

linder. The comparison shows the similarity in form of the relationships for charging and discharging
processes while emphasising the fundamental differences between the two proce§ses.

Nomenclature

1975

c - velocity,
cp - speciflc hęat at coą§tant pre§§ure,

ł - specific enthalpy,
M - mass,
P - pressure,
P, - total restraining pressure at the piston,
qc - extęrnal heat pei unit mass,

4., - interrral heat of friction per unit mass,

QL" - hęat per unit mass of the charging mass
leaving the charging mass and passing
to the mass in the cylinder,

qli - l;ręat per unit mass of the cylinder mass

which is obtained from the charging
mass after the charging mass enters the
cylinder,

q'ł" - intęrnal heat per unit mass of the char-
ging mass due to the dissipation of the

kinetic energy of the charging mas§ once
it enters the cylinder,

ł - gas con§tant,

s - specific entropy,
l - time,
7 - tempefature,
u - specific internal energy,
u - specific volume,
Z - cylinder volume,

7 - isentropic index.

Additional suffixęs

a - denotes conditions in the source of the
charging mass also conditions in cylinder a,

ó - denotes conditions in cylinder ó,

c - denotes cylinder,
n - denotes nozzle,
o - denotes total head conditions,
s - denotes surroundings in general,

1 - denotes initial condition§ in cylinder 4,

2 - denotęs initial conditions in cylinder ó,

3 - denotęs final conditions in cylinder ą
4 - denotes final conditions in cylinder ó.

* University of Strathclyde.
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1. Introduction

In this papęr an analysis is made of the unsteady flow of fluid from a high pressure
source into a cYlinder of constant or variable volume. As well as making an analysis of
this imPortant Practical problem it is also the function of the paper to point out the simi-
laritieŚ and at the same time thę fundamental d,ifferences that exist between this charging
PIoceSS and a Process in which mass is discharged from a cylinder. trn the analysis account
is taken of external heat transfer to and- of internal irreversibilities in the mass in the cy_
linder and the charging mass. To account for heat transfer and internal irreversibility
the energY equation, applicable to unit mass of a sy§tem in any flow (or non-flow) process
between state points 1 and 2, takes the form

2

4"*Qr:uz-ur: l r du
1

and the change in entropy (s) is given by

52-§1:

}Jerę u is internal energy, 7 - temperature, P - pressure ando - specific volume. ą is
the external heat crossing the system boundary and qr, the heat of friction or internal
heat, is duę to the dissipation of kinetic energy by fricfion forces. In the absence of such
internal irrevęrsibility it may be shown that

)1

(rar: (rar+1ir"a, (c)
171

in which c is the velocity of the system , P" - the pressure of fluid surrounding the system
(and of anY other restraining pressure at the system boundary) and the summation sign
(|) accounts for the possibility that surrounding fluid may be at different pressures at
different Points arould the system boundary. Where friction occurs, causing the dissi-
pation of kinetic enelgy as heat, equation (c) becomes

The right hand side of this relationship is a summation of work terms (work absorbed
bY the surroundings) and the kinetic energy change of the system and the sum of such
forms of energy is referred to here as high grad-e energy (HGE). Thus equation (d) may
be written

'Ą
lrau-qr: Id(HGE)71

(e)

giving the net HGE produced in the process.
In the PaPer the above relationships are applied in turn to (i) the mass in the cylinder

and to (ii) the charging mass in deriving the various relationships.

1

I dq"łdq1J,
1

(a)

(b)

(d)
ż22

,l P du-qr: l c dc+| l r"au.
r11
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For further information about this approach to thermodynamics the reader is refer-
red to references [1, 2 and 3l. An analysis of the discharging process using a similar appro-
ach is given in reference [4].

2. The general case of the charging proces§

Fig. la shows a cylinder fltted with a piston and with a nozzle in the cylinder head.
At a given tirne l a mass M occupies a volume V in thę cylinder where the properties of
state are P, u, t) and h and the velocity is c. Thereafter during limę 6t a mass óM crosses
thę nozzle outlet section and the volume increases by 6V while the piston is restrained
by a force corresponding to the pręs§ure Ą. The mass óM expands across the nozzle
irom a region where the properties of state ate Po, Lło,1lo and ho and the velocity is co and
for thę passage through thę nozz|ę the external and internal heat quantities per unit mass
are q",and 41n respectively. The external heat quantity per unit mass crossing the cylinder
ts óq"" and normal dissipation inside the cylinder, which would occur in the cylinder even
if no mass enters through the nozzle, causes internal heating equal to óqr" per unit mass.

For a charging process heat quantities other than those mentioned above ale involved.
When mass is discharged from a cylinder the processes in the cylinder and across the
lozzlę can in practice approximate closely to isentropic processe§. For the charging case
frictional dissipation is inevitablę. This may be explained as follows.

At time t !_V
l
l

l
I

Fig. 1, Arrangement for the charging process; a) conditions before the charging mass
enter§ the cylinder, b) conditions just after mass óM enters the cylinder, c) conditious

after the charging ma§s enter§ the cylinder

47
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J. H. Neilson, R. A. Crawford

As mass óM crosses the outlet section of the nozzle it does work on the mass in the
cylinder and will in general arrive inside the cylinder with a temperature different from
that oi the inass M lvhich then surrounds it. This statę of affairs is indicatęd in Fig. lb.
Due to the temperature difference there should be an exchange of heat between M and
óM. However when the mass óM artiyes inside it will have a velocity different from that
of rnass M.This could be a considęrable velocity and the corresponding kirretic energy
wili be dissipated and will ręappear as frictional heat. I_,et this quantity of frictional heat
be óMqr". Thę ęffect of this heat rvill bę to increase the temperature of mass dM above
the temperature of óM when it first arrived inside the cylinder. Thereafier there will be
an exclrange of heat bętween M and óM dae to the temperature difference between the
two tnasses. If we consider tlre rnass M as one system and the tnass óM as another systern
then this is an exchange of external heat between the two systens. The direction of th:is

hęat flow will depend on the actual circunstances. Suppose thai lręat qłrantity óMq;"
]eal,es mass 6M so that heat quantity óM4'"'" entęrs mass M then-

óMq'"": ]\4r,"1",

The final conditions after time ót atę shown in Fig.lc.
For the syster-n of mass M Łhe ęnergy equation is

Óq""* 6qpł Q'"'": óu łPóu + Tós

so that the specific HGE output of rnass M is

óq"" -l c1'"!, - 3u: Póu - óq t" .

For the systen of mass 6M thę ęnergy equation is

q"n+ qf,+ q'f"- 4|.": u + óu - u,+ t Pdu

so that the specific HGE output for mass óM is

Q,n- 4'n"- u ł uo- óu: l r au - Qfr- Q'f".

Pressure-volurne diagrarns for the two systems are slrown in Fig. 2 and irom equations
(3) and (5) lhe total HGE ol}tput for thę two processes is

totaI HGE output:

Móqn"ł Mq'"|- Móu ł 6Mqu,- óMq'n"- 6Mu l óMuo

in which the products of srnall quantities are neglected.
Using equation (1), equation (Q reduces to
total HGE outpui:

Móq""- M6u * óMq.o- óMu ł óMu.,

The total HGE, output for the two proces§es is also giverr by
iotal HGE output:

(1)

{2)

(3)

(4)

(5)

(6)

p*óv - 6Mp,u"+(M + 6M)@ 
+!c)2 _, ł - r, *

{7')
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or total HGE output: 
2 2

P,óV -óMpouot Mcóc-óM :: +óM | .2ż
Hence from equations (7) and (8)

total HGE output: 
MóQ""_Móu-Ł6Mq"n-6Mu*6Muo

22
: P,óV -óMPouoł Mc6c-óM '! *av I22 (9)

(8)

(10)

(1 l)

(I2)

(t 3)
(I4)

(15)

(16)

(17)

or

and from

Specific voLume fupecific votume

Fig. 2, Process lines for the mass in the cylinder and the charging mass-elęmęntal cylinder
' proceśS

Equation (9) may be rearranged as

a u (,, + p 
o u o ł *) * u r, ",: ó NI (u *').) * < *,, c ł p 

* ó v )

-Móq."+Móu.
From equation (2)

Móu : M ó q." ł M 6q 7"* M q::|" - MPóu

Móu_MTós-MPóu

rav:Vu:p#}+puóM.
Hence substituting for Mpóu in equations (11) and (12) from equation (14) gives

and ,Móu:M6q""*Móqr"*Mq'!"+óMPo-P6Y

Móu: MTósł PuóM - P6V .

Substituting for Móu lrom equation (l5) in equation (10) gives

I^ I. i _ f M (6q 7,+ q,'") , Mc6c , (P,- P) 6V1l1o:hog+qen-L---;, * aną.* óM ]
and substituting for M6ufrom equation (16) in equation (10) gives

f Móa MT6s Mcóc (P--P\óV1
ho:ho,*Q",-L- iń* a, * 

ant 
*'ffi I

ł Prace IMP z. 69
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Specific voLume
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When mass is discharged from a cylinder (total head condition o) to a constant pressure

atmosphere (denoted by a) it has been shown in ręf. [51 that

and

}1 oo 
: h o ł q 

",, 
-l:# -T# -\#!!1

h oo 
: h o ł q 

", -|-' ::;" -\T -#*' o, 

lo,n]' 

u 

]

(17a}

(18a}

(22)

It will be noted that equation (18) for the charging case may be obtained from equation
(18a) by replacing hooby * hooandh,by _ h,.To obtain equation (17) from equation

(17a) the term Móq'!"lóM:Q'"" must also be included and it is this which makes the char-

ging process different from the discharging process.

2.1. Charging of a cylinder of constant volume

Consider now the charging case where the volumę of the cylinder is constant and
where c and óqr. are each zero. Equation (17) then reducęs to

h:ltoo*qn,- W
óM

or
3M

n'!": , (h",-hłq",).

Hence from equations (20) and (1)

QL":hoo- hł q.",

and equation (18) gives

h : lloo* qnołYóq"" -MT 
ós 

.óM 6M'

(19)

(20)

{2I}

ós hoo- h+ q",łMóq""

6M MT

.,. from equations (23), (21) and (20)

(23}

ós:
6Mq'..+Móq"" Q'!"łQn"

(24>MTT
Equation (21) allows one to ęvaluate the heat exchanged between M and 6M inthę mixing
process within the cylinder and equation QĄ shows that the specifi.c entropy increase

of mass M is due to the effects of external heat crossing thę solid boundaries of the cylinder
and of external heat crossing the fluid boundary of mass M.
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Now from equation (22)

6M(u+pu):óM(u"+p.r,*?') łóMq",*M6q",-Ml,ós (25)\ żl
and substituting for MT6s in equation (25) from equation (2)

óM (u+ pu):am (u,+ r^r.*!;)* drr,lQ"ol Miq""- Móu- Mp6u . (26)

Since dlz is zero we may use equation (14) as

-MP6o:PuóM. Q7)

Substituting for - MPóo in equation (26) and rearranging gives

, ó(Mu):6Mu*M6u:aru (u,+r,u.++)+ó Mq",łMóq"". (28)
\ 2/ -,

For a finite mass passing into the cylinder this relationship shows that the difference,
between the total final internal energy and the total initial internal energy is equal to the
sum of the total initial kinetic energy, the total initial flow work and the total external
heat passing the solid boundaries of the cylinder and nozzle.

2.2. Adiabatic charging of a constant volume cylinder of a perfect gas

If we now makę thę additional assumptions (a) that no external heat crosses the solid
boundaries of the cylinder or nozzlę and (b) that the fluid involved is a perfect gas with
constant speciflc heats then from equation (23)

ds _cr(Too T)
dM MT

Under these.circumśtancęs equation (28) gives

which in the limit gives

or

rvhich may also be written as

ó(MT):yT..6M

T dhl+M dT:yTo"d,M

ąr :Ęy:1dMM

dM dT

(29)

(30}

(31)

(32)

(33),

h
M |Too-T'
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Thus for a finite charging process betweeil an initial state point 1 inside the cylinder

and a final state point 2
,Tz M, r dr (|T,,-'T ,)lop'"!: l ,, :lo1"-: --- _-, (34)"' M, J yT",-T "' (yT,,-Tr)'

Tt

where Mr- Mristhemasswhichpassesaaross tinęnozzlęandToąistheconstantinitial
total head temperature of thę charging mass.

For the mass inside the cylinder the equation of 'state gives

Rp::-(MT) (35)
V,

where R/Z is a constant

,. dp:l (ror*ro*) (36)v,
and using equation (31), equation (36) gives

dPR
dpt: v TT*. G7)

This shows that the ratę of increase of pressure is'a constant and is independent of the

initial temperature inside the cylinder. For a finite process 1 - 2 equation (37) becornes

RPr- Pr:nlT,"(Mr-Mr). (38)

,Using equations (33) and (29) the entropy change in the, cylinder may be expressed as

ar:Uc,(T*-T):r:9r_2 67 (39)
M T T (yT",-T)

and for a fi.nite procór, l - 2 this gives

2.3. Ałtiabatic charging of one constant volume cyliniler from another constant volume cylinder

The charging of one fi.xed volume cylinder from another fixed volume cylinder may

be approached using the relationships derived above. Consider Fig. 3 anó suppose that

no external heat crosses thę boundaries of the cylinders or nozzlę, Thę volumes of the

,,-,. ",'or.I
(40)

F]

T2

Too

Ę
Too

y

y(

1

r

T

T2

T1
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cylinders are assumed to be large so that instantaneous bulk velocities in the cylinders

are negligible. Mass passes frorn cylinder a to cylindęr b and for the charging of cylinder
ó from cylinder a under these circumstances equation (28) is in the limit.

d(Mu)u:hodM,

wh,ere h^ is the instantaneous entlralpy in cylinder a,

(41)

Fig. 3. Charging of cylinder ó from cylinder a

Similarly, for tlre discharge of mass from container a,it may be shown (fron equa-

tion (24) of reference [4]) that

d,(Mu),: _h.bdM

and (from equation (25) of rel. [4]) rhar

hot: ho,

Hence by adding equations @1) and @2)

d (Mu),+ d (Mu)u:g ,

Consider now a finite process in which the conditions in a and b are designated 1

and 2 respectively and where the final conditions are 3 and 4 respectively.

Then from equation (44)

tr[,.ur- Mrur* Maun- M.rur:Q

M, u rł M *u o: 114, u, l M 2 u r.

As rnass is discharged from cylinder a, the pressure P, reduces to P3 while the pressure

in cylinder ó increases ftom P2 to Po. Equation (46) is applicable even ifthe process ceases

before the pressures,equalise in the two vessels. At the instant when the pręssures equalise

equation (aQ will still apply but in general a. will not equal uu.If the passagę through

thę nozzlę is left open after thę pressures equalise a furthęr interaction bętween the two

masses will ensue until a common statę is reached. Application of the energy equation

to the single systern containing tlrę nasses in the two vessels gives

M,ulł M2uz:(M t* M2)u ,

where u is the final comlnon specific internal enelgy.

,3. Concluding remarks

Equations (17) and (18) for the charging process are applicable with heat transfer

and internal irreversibilities in the cylinder mass and in the charging mass. They may be

applied to the charging process in an engine cylinder wherę the cylinder volume ch'anges.

(42)

(43)

(44)

or

(45)

(46)

(47)

CqLinder a| |cqLinder b

l{!};2L t,l _=łfi:.' (2)

:ffiL (3) [ lś;x! u)
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The corresPonding general relationships for a discharging process are given in equations
(17a) and (18a). For the discharging case the sum of the tęrms inside the square brackęts
in these equations may be shown to be zero indicating that the "steady,, flow energy
equation for thę nozzle may be applied to this unsteady flow problern provided tt 

" 
up-

ProPriate instantaneous values of enthalpy etc. arę used. For the charging case however
the sum of the terms inside the square brackets in equations (l7) and (18) will not in ge-
neral be equal to zero because of (a) the difference in temperature between the charging
mass aS it enters the cylinder and the mass in the cylinder which will result in heat transfer
between the two masses and because of (b) the dissipation as heat of the kinetic energy
of the charging mass after this mass enters the cylinder. One could_ imagine special cii-
cumstances in which no entropy increase would result because of these effects. For example
rvhen the velocity leaving the nozzle was the §ame as the piston velocity and wherę the
total hęad temPerature in the sourcę of the charging mass was such that the temperature
after expansion across the nozzlę was the same as that in the cylinder. However these
two effects are inevitablę in most charging processes and it is the result of these effects
that makes the charging proces§ differ fundamentally from the discharging pfocess.

Acknowledgements. The form of the relationships for the pressure rise (equation
(38)) and entroPY change (equation (a0)) in the cylinder for the case ofadiabatic charging
of the cylinder with a perfect gas was fi.rst seęn by the authors in reference [5].

Received by the Editor, May 1974.

References

[1] Hatton A. P., PolYrropic Processes with lrretersibility anc| Heał TransJbr. Bult. Mech. Engng,
Educ. 1962, 1, 89, (Pergamon Press, London).

[2] Neilson J. H. and Crawford R. A., The Effect of Friction on the Efficiencies of Various Steady
Flow Processes. Bull. Mech, Engng. Educ., 1970, 2 (Pergamon Press, London).

[3] Neilson J. H. and Crawford R. A., Zosses in Power Cycles. To be published in the Interndtional
Journal of Mechanical Sciences.

[4] Neilson J. H. and Criwford R. A., An Analysis of the Unsteatly Discharge Processfroma.Cylinder,
[5] Horlock J. H. and Woods W. A., The Thermodynamics of Charging alrcl Discharging Processes.

Proc. Inst. Mech. E. 1965 - 66, 180.

Aniliza procesu przejściowego napelniania cylindra

. streszczenie

W PracY Przedstawiono analizę procestr przejściowego napełniania cylindra masą ze źródła zę-
wnętfznego. Wzięto Pod uwagę efekty dyssypacji powodowanej tarciem w dyszy i w cylindrze i przeka-
zYwania ciePła Przez Ścianki cylindra i dyszy. Wyprowadzono zależności dla przypadku cylindra o zmien_
nej objętoŚci; moŻna je zastosować do procesów napełniania w silnikach spalinowych. Można je oczy-
wiŚcie równieŻ zmodyfikowaĆ tak by opisywały napełnianie zbiornika o stałej objętości. Dokonano
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porównania procesu napełniania z procesem wypływu masy z cylindra. Porównanie to pokazuje podo-
bieństwo postaci zależności wyprowadzonych dla procesów napełniania i wypływu, podkreślając równo-
cześnie fundamentalne różnice pomiędzy tymi dwoma procesami.

Arrałns flepexoAHoro npouecca HarlOJIHeHuf IILrJIIlIIApa

PesIo^4e

B padore [peAcTaBJIeH ananfi3 nepexoAlroro flpoqecca rrarroflHeHl,L qIłJIIłH.qpa uaccoft Ił3 BI{eIIIHero

EcTogptrKa. Vqzr5learcrcg s$Serrr,r p.IIccllrrallvx, srrgrtBaeN{oż TpeHŁeM B coEIIe Ił B IIiłJItrHApe, a Taxxe
e$Sexrsr flepe.uaqn TerIa qepe3 cTeHKI4 III4nIłHApa I{ corfla. Brrse,4eH},r sasllctrMocTlł AJUł cnyqa, ułJllłrr,upa
nepeMeHgoro o6lelła; Iłx Moxllo [puMenrTb oTHocIłTeILHo llpoqeccoB HanoJIHeHIł' B ABtrraTeIfix BEy-

TpenHero cropaHlłr. KorreuHo, MoxIlo I{x TaKx€ rar uoAlrórłrirłpoBaTr', qro6sr N.toxno 6r,rno nprntenxrr
_].]l.tr oIII4c6IBaHI4fi HaEoJIIIeEIr, 6ara nocroxrłrloro o6terrła. flporo.4Iłrcx cpaBHeHI{e fipoqeccoB EarroJIHeIIWł

]l l{cTeqenl4_rl Maccbl ],l3 IIIrn[HApa. Pesyłrrar cpaBl{enl4-fi TIoKa3ł,IBaeT rra uoAo6r-re (|oprrłu 3aBlłcn\tocTeą
nonyqeHnblx 

^n, 
[poqeccoB HanoIHeIIIł, Ił l{cTeqeHuff Ił oAHoBpeMeHHo ,pxo yKa3bIBaeT $yu4avrerłra,lr-

HEIe pa3HIłIIbI MexAy 3TI{MIr o6oIłlrłł npoueccaMlł.
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