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SOME  FURTHER ANALYSIS OF RECIPROCATING COMPRESSOR SYSTEMS

R.8. Benson, Professor, Mechanical Engineering Department, University
of Manchester Institute of Science & Technology, Manchester, England.

A. Azim, Demonstrator, Mechanical Engineering Department, University
of Manchester Institute of Science & Technology, Manchester, England.

A.S. Ucer, Asst.Professor, Middle East Technical University, Ankara, Turkey.

INTRODUCT ION

In three recent papers Benson and Ucer (1,2,3)
pressnted the results of analytical and experimental
Investigetions of single and multi reciprocating
compressor installaticns. In the analytical studies
the effect of friction in the pipes was included but
the flow was assumed to be homentropic. In order to
allow for entrepy variations in the system and heat
transfer an empirical method was introduced to
adjust the erntropy level in the pipe to give agree-
ment between experiment and analysis. This method
was based on a mass balance in the system. An
gdditional correction was made to the pipe length to
allow for valve box volumes and heat .transfer. The
adjustments referred to were made by comparing expe-
riment and anzlysis for one test. No further corr=-
ections were made for all the remaining tests
analysed. The results gave reascnable agreement
between experiment and analysis and the method was
considered to be satisfactory for engineering
studies.

The advantage of the modified homentropic theory is
that it could be programmed and run fairly economic-
ally for the type of computer commercially available
at the time of the investigation. The current
generation of computers are at least an order of
magnitude fastsr than the previous generation of
computers. These are being used commercially for
calculations using a generalised non=steady theory
ellowing for friction, heat transfer and sntropy
variations for studies of wave action in internal
combustion engines. It was decided to apply the
same methods to compressor systems. Since the ducts
in compressor systems are larger than in engine
systems i1t was considered that the representation of
Ffriction and hzat transfer in the pipes might be
more important so two models were investigated. The
first model, used in internal combusticn engine
caleulations, assumed a constant friction factor and
Reynolds analogy for the heat transfer coefficient.
The second model assumed a friction factor related
to the pipe Reynolds number and a heat transfer
madel related to the Stanton number.

In order to apply the general non~homentropic theory,
the boundary conditions across the valves and at the
pipe ends must allow for the entropy changes the
boundary equations used in the original analysis
were modified accordingly.

In this paper the results are presented of an
analysis of the test results reported by Benson and
Ucer (1] using the generalized non-homentropic
theory.

THEGRETICAL BACKGROUND

The generalized non-homentropic theory has been
presented in a number of papers (4,5). The reader
is referred to these for the develaopment of the
conservation equations and their numerical soluticn.
The final form of the expressions used in the
present analysis are given in the Appendix. The
problem is divided into two parts, the pipes and the
boundary conditions at the pipe ends. Within the
pipes the Riemann variables A, 8, Ag are calculated
at fixed mesh points. At the pipe ends the boundary
equations caleulate Ayp, Agut and As.  The basic
cheracteristic equations are given in equations (1)
to (3) in the Appendix. The two models for the
friction factor and heat transfer are given by
equations (4) and (5) for one model and equations
(6) to (B) for the other.

The valve boundary equations given in the earlier
paper (1) are modified to include the entropy
changes across the valve. The final form of these
Equations are given in equations (14) to (24).
These equations are solved by iterative technigues,
With the non-homentropic theary we cen examine heat
transfer effects in the compressor cylinder. The
methods used in the present analysis are based cn
the techniques used in internal combustion engine
calculations, The heat transfer coefficient is
calculated using Annand’'s equation (9).

With the modifications indicated above a number of
calculations have been carried out and the results
compared with experimental results reported
earlier (1) and the modified homentropic calcuylat-
ions. For convenience we will refer to the two non-
homentrcpic calculations as

Non-Homentropic I Constant Frietion and

Reynolds Analogy.

Non-Homentropic II Variable Fristion Factor and
Stanton Relationship.

RESUME OF CALCULATIONS

The calculations were carried out in two separate
groups. The first group of calculations were at
400, 500 and 600 rpm with the compressor system
shown in Figure 1. Non~homentropic calculation I
used the corrected length and calculation IT the
actual lenmgth. Indicator diagrams were obtained in
the cylinder, the intake and the delivery pipe for
each speed. Typical results are shown in Figures 2
to 4 at 600 rpm. In these figures we have in
addition to the non~homentropic calculations the
modified homentropic calculation and the experimen=
al results. In Table 1 a camparison is made between
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TABLE

1

Comparison of Experimental Results with Homentropic and Non=Homentropic Calculations

Compressor Mass Flow Volumetric Maximum Cylinder
Speed rpm 1b/sec Efficiency % Pressure psig
400 Experiment 0.00320 83.02 " 73,0

Homentrapic D0.00341 88.41 73.0
Non=tHomentropic I 0.00302 78.21 74.0
Non=Homentropic II 0,00306 73.99 69.2
500 ' Experiment 0.003687 74.78 a8.0
Homentropic 0.00376 76.57 90.0
Non=Homentropic I 0.00367 74.79 92.0
Non=Homentropic II 0.00364 75.48 92.0
600 Experiment 0.00419 73.00 87.5
Homentropic 0.00444 77.35 97.5
Non=Homentropic I 0.00418 72.91 104.8
Non-Homentropic I1 0.00428 74.88 95,4
TABLE 2

Comparison of Variations in Input Data an Overall Compressor Performance

Percentsge Effect on:

Maximum Cylinder
Parameter Changed Original New Cylinder Volumetric Heat
Data Value Modal Pressure Efficiency Transfer Fower
H
Cylinder Heat Transfer I + 3.0 + 0.1 ?D eat + 1.2
c . ransfer
Annand Coefficient a= 0.1 a=20 - No Haat
(No Heat Transfer) 11 - 1.1 + 0.3 Transfer + 1.8
Cylinder Heat Transfer I + 3,2 Negligible -~ 57.2 + 1,7
Annand Coefficient a=0.1 a = 0.04 -
' 1T - 1.8 + 0,1 - 56.6 v 1.4
+ 1.8 - 1. - 50,7 + 1.0
Cylinder Wall Temperature  104°F 208°F 1 1 1.7 =
II - 0.9 - 1.5 - 56.2 + 0.6
. - 0.4 -~ 4,9 - 0.8
Delivery Pipe Wall 135%F 270 L * 2.8 0.4 : £
Temperature II + 7.6 - 1.8 + 10.6 - 3.9
. .3 + .3 2.4
Suction Valve Weight 0.0066 1bm  0.01 1lbm L r2.2 . ¢ - h
1T + 0.6 + 0,5 + 3.9 + 0.4
. - 2. - . - 4,1
Delivery Valve Weight 0.0076 lbm 0,01 1bm I +3.5 2:8 1.7 4
II - 5.5 + 0.6 - 3,7 + 1.1
Suction and Delivery 0.0068 1lbm 0.01 1lbm I + 2.9 + 0.4 + 3.0 + 1.0
Valve Weights 0.0076 1bm  0.01 1bm 11 - 5.5 v 0.7 - 0.9 « 2.1
Valve Area Data Pressure Pressure I + 1.2 + 1,2 : + ?}.5 Negligible
Dependent Independent II - 2.6 Negligible + 17.5 - 0.8

the predicted mass flow, volumetric efficiency and
maximum cylinder pressure and the various analyses
for all three speeds.

In the second group of calculations the compressor
speed was set to 600 rpm and step by step changes
were made, changing one or two at the most
variables anly from the original value, and the
influenca of the step changes on the maximum
cylinder pressure, volumetric efficiency, cylinder
heat transfer and power were noted. The parameters
changed were the cylinder heat transfer coefficient,
the cylinder wall temperature, the delivery pipe
wall temperature, the suction valve weight, the
delivery valve weight and the pressure dependence of
the valve area data. The results are shown in
Table Z.
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DISCUSSION OF RESULTS

It has already been stated that the modified homen=
tropic caleulations were corrected to give agree-
ment with experiments for one basic test. Thus the
homentropic results follow the experimental results.
There are no adjustments in the non-homentropic
theory. The cylinder pressure diagram (Figure 2]
shows that the variable friction model gives better
agreement with experiment than the constant friction
model. In the delivery pipe [Figure 2] the variable
friction model gives lower pressures than the
constant friction model. In the intake pipe the
pressure amplitudes predicted by the variable
friction model are closer to the experimental
results than the constant friction model. It would



appear from these results that a varlable friction
model will give hetter agreement with experiment,
but there might have to be some adjustment in the
constant in the friction factor expression. This
adjustment could be obtained by experiment on pipes.

When the averall results are examined in Table 2,
at all speeds the non-homentropic model gives
better agreement than the homentropic results, with
the variable friction model giving slightly better
agreement than the constant friction model.

The results given in Table 2 give a broad picture
of the influence of design parameters on the over-
all compresser results. Variations in output * 1%
could be considered to be within the accuracy of
the numerical procedures. As pointed out earlier,
the two friction models give different results.
This is due mainly to the differencs in the
numerical value of ¥ and g. The surprising feature
in these calculations is the small effect of all
the individual changes on the volumetric efficiency.
Except far one result with the variation in
delivery valve weight, the only significant
variable affecting the volumetric efficiency is the
Cylinder wall temperature even thaugh the heat
transfer rate is affected almost the same for the
heat transfer coefficient change as for the
cylinder wall temperature change. This implies
that the cylinder wall temperature has a greater
effect during the suction stroke than during the
delivery stroke. Another surprising feature is the
relatively small effect the heat transfer rate has
on the compressor power absorption. The calculat-
ions show that in general the valve weights might
have a significant but small effect on the power,
but it should be noted that the step change in
welght was of the order of 35 to 45%. It is quite
clear that the effect of valve weight is to reduce
valve flutter and this in turn influences the maxi«
mum cylinder pressure and power. A useful result
is the apparent lack of influence of the pressure
dependence of the valve areas. The delivery pipe
wall temperature appears to influence the results
with the variable friction models. Since the
pressure diagrams show that this model gives better
dagreement in the pressure diagrams it is reasonable
to assume that delivery pipe temperature is an
important variable.

CONCLUSIONS

The non-homentraopic models give good correlation
with the experimental results. However, the modi-
fied homentropic theory also gives reasonable
results. . This theory is howsver not so flexible as
the non-homentropic theories and does not allow
such variables as wall temperatures and heat
transfer coefficients to be examined. Thus it
would not be possible to examine a water cooled
compressor with this theory, The guestion as to
which theory to use will depend on the type of
computer available, the economics of the run time
and the problem under investigation. 0f the two
models for friction the variable friction factor
model appears to be marginally better than the
constant frictien model.
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APPENDIX

BASIC EQUATIONS

In

equations used in the analysis.
under two headings:

this appendix we present the final form of the
They are presented
the characteristics equation

for one=-dimensional nan=steady non~homentropic flow
and the boundary conditions at the pipe ends.

NOTATION
e e i
speed of sound, Annand constant
A non=dimensional a = aa
: ref
ref reference speed of sound
3, speed of sound after isentropic change of
state to reference pressure Proe
A
A non«dimensional a, =
a A a
ref
b Annand constant
Cp specific heat at constant pressure
D pipe diameter



cylirder diameter

9]

friction factor-

ratio of specific heats
length-

reference lengkh

mass

Nusselt number

pressure

rate of heat transfer per unit mass
per unit time
characteristic gas constant

Reynolds number

Stanton number

time

temperature

particle velocity

H
Lu]
-+

nTZI3rCxs O

O

u

non-dimensional vel‘ucity\-—--a =
ref-

cylinder: volume

<FJ< Z C 4 wXoO

piston velocity

o

Srepl

uﬁﬁfr

k=1 .
7. U
. ) k=-1.
Riemann variable. A - —i?-uj

M~

non-dimensional time- =-

A Riemann variable A +-

instantaneous. valve: throat: areadpipe.-anea:
densdty
wall shear stress.

AT e ™

W

Subscnigts

c cylinder stagpation
b pipe adjacent to cylinder
g gas

o. stagnation conditiom.
ref raference condition
in in to boundary

in.c in correct

in.n in estimated.

out aut from boundary
out.c out correct

out.n- out estimated

w wall

One-Dimensional Non-Steady Non~Homentropic Flow:

The basic characteristic equations- for. non—
homentropic flow are for constant.pipe-area (4,51

A Characteristics

dXx

9z - U+A (1Cad)
dA
a8 _kl2fL 2 U i1y Y
dr =-A ATz D U 15 [; (k-1) A]dz
(k-1)2-qL 1 \
M 3 K‘dz (1(b})
ref
g Characteristics
aX
a7 - Uu-aA (2(a))
dA
_ &, k-l2fL o U oy 0y,
LR U_[lwn A]dZ
2
(k=10 gb. 1 .
r A dZ (2(b))
8’
ref

Aa Characteristics (Path Lines)

dxX
5 ° u
k-1 Aa gl 2fL U
dA. = o= — -&————+—T—ru3 dz (2(b))
a 2z Az aa“ D U
ref
Friction and Heat Transfer
Model 1
This model assumes a constant friction factor
given by T :
fom W': (4)
2.
2pU

and:Reynolds analogy for. heat transfer which gives
.Zf uC [ijTg]
g. = ————#~—§~——————~' (5}

Model 2

In this model we:assume the friction factor is
given by. (657,8J

_ Constant_ 0.07 (5
RED.214 399'244
and‘ the. heat: tramsfer is-
_ 4k . .5t
9 =17 R ulT, Tg) 5 (71
whera the Stanton number S is given by
St_= Cogs;ang = - Drgﬂz (8)
Re "“Pr - Re’ "

The: constants’ in (B) and- (B) suggésted by Issa (7)
and' Azim. (8) are:for constamt-Prandtl -number (Prl
of 0.7. ’

If+the:Réynolds number (Re) the-pip&*velocity (u),
density. (p) and viscosity baseéd on temperature T,
are -obtained from the Riemann variables A,B,Aa.

u A=B
U = —im o= (9)
a e k-1
Are 8 :/_.__—TT = AES (10)
8ref ref .
_2_
(i1

b {A*B k-1
Pref 2Aa

Béoundary Conditions

The~following beundary condifions are used 'in the
analysis:
(1) Inflow to & pipe from constant stagnation
conditions.
(2) Outflow: from-pipe to ‘a-constant pressure.
(3) FIow across a-valve frof a-cylinder to a
pipe.
[4) Flow across-a valve from'a pipe to a
cylinder?
(5) Pressure.condftion in the cylinder.
The Riemann variables are-A{p(krdwn), Ag ¢ {unknown)
arid ‘entropy Aa-lsdmatimes'kﬂdwn;sometimES”not known).
If there is:antentropy chenge at the pipe entry the
known value' of Aip=kin.n 18 Mmodified by the entropy -
charige 'to A{n=Aif. e The entropy level changes
from Agn to Aac.
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1] Inflow ta a pipe from constant stagnation

conditions A

. [3-K 2 2 2_
Aoyt ® [k+11 {K+l}[2[1 KIS+ (KE-1DA

2) Outflow from a pipe to a constant pressure Py

(12}

(13)

3)

The following group of equations represents the
Flow.

Flow acrass a valve from a pipe to cylinder

al Effect of entropy change across the valve on

the Riemann variable A n

A, A 1 A _-A ]

" . in.c "out.c ac  an
in.n 2 A J
an

Relationship between the pipe pressure p, the
cylinder pressure P, and the Riemann variables

A = (14)

in.c

b)

>‘irl.cdl)\out.c: p Pe 2k
—s — = |l (15)
Pe Pref
c] Relationships between pipe pressure, cylinder

pressure, valve area ratio (), pipe velocity
(u) and speed of sound in cylinder (ac).

i) Subsonic flow in valve throat
K
L1 [ (w Vy2+4ac - wz]]k“1 (16)
pC
K;lUZ
cC = 2 , (17)
LS S
[l > Up]
y = valve ares —, _u _U_
Pipe area ’ "p a_ A
ii) Sonic flow in valve throat
k+1
%ol L, [2 e LuT) e (18)
P k+1 2 p Up

d) Energy equation for flow from cylinder to valve
for given stagnation speed of sound in cylinder
is the same as (12) with Ac:Ac'

4)

The following group of eguations represent the
flow

Flow across valve from pipe to cylinder

a) Subsonic flow in valve throat

4
-y ya
[A'k" wZ}[ i -A" }— Kz w (A*z—l} =0 (19)

) }
where A*= 1n2 out

pre
(20)
J

128

Ain |P k-1
AP o< AAn | refiey (21)
in A P
a [
b) Sonic flow in valve throat
( -
-kl e
Aout = Ain (22)
.
k+1
where pt\ﬁi—
B= [—
Pleritical
Py
—| = critical static pressure ratio across the
P eritical valve dependent on ¢
5) Pressure conditions in the cylinder

From the general energy equation the pressure
change in the cylinder is given by

dp

_C_kldg 1 ffdm o _[dm}] >
dt V dt  V dt}. o.in {dt o.out
c in out
kp av
c c
v T (23)
c
where
g% = heat transfer rate
dm - .
T¢) = mass flow rate into or out of cylinder
VG = gylinder volume
The heat transfer coefficient is given by (9)
hD
Nu = —FE-= a Reb (24)
where pCDCV
Re = ———~F
uC
DC = cylinder bore
\/p = mean piston speed
K, = dynamic viscosity in cylinder
a,b = Annand’s coefficients
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