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ABSTRACT ! compressor speed
h stroke
The internal flow in a reciprocating CoOmpressor, kg valve spring constant
its interaction with the valves, and the heat transfer - mass flow
from the compressed gas to the compressor housing are my mass valve plate
studied using different flow and heat transfer modets. P pressure
For simple compressors, having only one suction and g heat flux density
one discharge valve it turns out that a one dimensional 5 specific entropy
non-Jinear flow model is sufficient to describe the i fime
interaction of the internal pressure waves with the ” gas velocity
valves. For more complex geometries 2D- or 3D-flow 1 state vector
models are required. x coordinate along diameter
Although a one dimensional model seems Y coordinate perpendicular to diameter

insufficient to predict the heat transfer in the % coordinate in axial direction

compressor, which depends on the internal flow zv valve lift

structure, a method has been developed, how a ¥ ratio of specific heat capacities

reasonable approximation of the heat fluxes can be © crank angle

oblained by expressing the heat-fluxes as a weighted A shock speed

sum of four reference enthalpy fluxes resulting from the 14 gas density

1D-flow model. The weight factors can be mterpreted

as Stanton numbers and have 10 be determined a priory

by 3D-CFD simulations. The gain of this approach is 1. INTRODUCTION

that these Stanton numbers have to be determined only The cross section of a reciprocating compressor
‘once for a certain class of compressors and depend is shown in Figure 1. It consists of a cylindrical
-only weakly on the compressor data. compression chamber closed at one end by the cylinder
head and at the other end by a movable piston. During
the expansion phase the volume in the compression
chamber increases, and gas enters through the suction
valve. After the piston has reached the position of
maximal volume, it starts to compress the gas, 1f
NOMENCLATURE the pressure in the compression chamber exceeds the
discharge pressure, the discharge valve opens, and the
gas leaves the compressor through the discharge valves.

Keywords:  reciprocating compressor, internal
waves, heat transfer

A area

@ heat flow Until recently for the design of a compressor a
VA distance cylinder head piston quasi static description of the gas in the compressor has
St Stanton number been sufficient [2]. However, due to the desiga of larger
e speed of sound and faster compressors it turns out that internal waves
Cp specific isobaric heat capacity cannot be neglected. They result in unwanted valve
Co specific isochoric heat capacity josses or in large oscillating moments on the piston rod
d diameter {31.

e specific internal energy The suction and discharge valves are usually
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Figure 1: Reciprocating compressor

situated at the cylinder barrel near the cylinder head.
They are connected to the cylinder by valve pockets
(see Figure 1), The valves are passive. That means
a valve opens if there is a sufficient positive pressure
difference across it; otherwise it is closed. If the
discharge valve opens, a rarefaction wave is initiated. 1t
is refiected at the opposite side of the cylinder and thus
interacts with the discharge valve. As a consequence,
the discharge valve may open and close several times
during discharge.

For the design of 4 compressor, the interaction of
the internal waves with the valves is essential since the
waves contribute (o losses of efficiency.

A series of models has been developed (1D-, 2D-,
and 3D) to describe the interaction of the valves with
the internal waves and the fluid flow based on the Euler
equations.

In the 11-case the wave propagation between the
suction and discharge valve is modeled by the quasi
1D-Fuler equations, see Aigner {1]. Although, this
model is very simple, reasonable qualitative agreement
with experiments have been obtained. However, for
compressors with more than one suction or discharge
valve at least a 2D-flow model is necessary. A
comparison of the wave propagation medels (1D, 2D,
3D} and with experiments will be given.

For the design of a compressor the heat transfer of
the gas to the surrounding compressor walls is also of
interest, For internal comnbustion engines a relation for
the instantaneous heat transfer coefficient was given by
Woschni [63.

For the heat transfer analysis a 3D-flow simlation
seems to be necessary. However, we have developed
an approach to estimate the heat transfer by using the
the 1D-fiow model. The main idea is that the heat
transfer is proportional to a weighted sum of enthalpy
fluxes which can be determined by the 1D-flow model.
The weights can be interpreted as Stanton numbers.
Thus empirical relations for these Stanton numbers are
needed, They can be obtained a priori on a data base
generated by 3D-flow shmulations.

Thus, a fast, reliable oo} for the compressor design
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has been developed which is capable predicting e
waves, impact speed of the valve plate ongg e
seat and heat transfer.
The paper is organized as follows. Tn seciq >
review flow models, and compare their predictig W
measurements, In seetion 3 we present a heaf g
model. S

2. Fiow models

Since, under normal operating conditions
Reynolds number is very arge, the flow field of g
in the compressor is turbulent, and thus, the Reypg
Averaged Navier Stokes (RANS) equations can be 18
to describe the flow field. However, solving the I
equations with a commercial code in a 3D domai,
very much time consuming. Thus, there is a neeg:
simplified flow models which wilf be deseribed iy
foilowing.

2.1. 1D-Flow model

Let us consider a simple compressor with just
suction and one discharge valve sitting opposite to
other at the citcumference of the compression cham
first, The following two observations justify a
dimensional approach: :

e Internal waves are initiated when the discha
valves opens. Then the piston is sufficientcl
to the cylinder head, and the flow takes place
a narrow gap between the cylinder head and th
piston, §

e Waves travel mainiy back and forth betwee
discharge and suction valve. :

When the piston is not close to the cylinderhe

the flow is three dimensional. However, vsuallyid

this stage waves have been already damped.

cylinder

™~

suction valve ™ discharge valve

Let o denote the spatial coordinate alobé
diameter between the valves. The state of the 2%
a position x and time ¢ is denoted by u = {pp
pu?/2), where u is the flow velocity in z-dil
the density of the gas and e the specific iBned
Furthermore, let A(x,t) be the cross section €
compressor perpendicular to the r-axis, s6¢ Figw!
1t is of course a function of z and £. Assuming tha




flow quantities are functions of z and ¢, the mass- and
momentum balance read:

(Ap)s + (Apu)s =0, (1)

u2 A p u2) .
(Ap(e+—2~) t+ pu(e+;+ 1 )w— —Aup,
3)

where p is the pressure and e = e(p, p) is the specific
internal energy given by equation of state.

Instead of using the energy equation in [1] it is
assumed that the flow is isentropic and smooth (no
shocks). Thus (2) is replaced by

2 0 20
,oﬁ(”-{-/ Mdﬁ) -0,
2 o P x

where ¢ is the isentropic speed of sound, and s is the
specific entropy.

2.1.1. Discontinuous cross section

At the connection of the valve pocket to the
compression chamber the cross section A has a
discontinuity.  Thus, the 1D-flow model is there
of limited accuracy since the flow is there locally
three dimensional. However, we want to model this
discontinuity in the frame work of a one dimensional
Euler flow.

LD
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&
discontinuity

| Figure 3: Riemann problem with discontinuity of cross

Section

Using a finite volume scheme for the discretization
of the flow equation, we place the control volume such
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that there is a cell boundary at the discontinuity located
at x p. The basic idea is now to determine the numerical
flux at both sides of this cell boundary. Since, the
cross section A is discontinuous there, the flux is there
also discontinuous. However, the mass and enthalpy
fluxes are continuous. Only the momentum flux and the
pressure are discontinuous. Now following the basic
idea of Gudunov’s method [5], we solve a Riemann
problem where the initial data is discontinuous at the
cell boundary. The solution structure for subsonic flow
from left to right is depicted in Figure 3. The x,t-
half-plane is divided by shocks, expansion fans or the
discontinuity of the cross section into four regions, see
Figure 3.

Across a shock the Rankine-Hugoniot conditions
hold. For example for the 1-shock we have:

prug — p-u— = A (pr — p-), (5)
prug +pr—p-ul —p_ = M (pLug — p_u_), (6)

2 u'z
prug(hy +3) = pou_(h+ 5) =
uz us
Mprler + ) — p-(e- + 5)),

where A is the speed of the 1-shock and w; is the state
vector left of the 1-shock and U _ is the vector right of
the 1-shock. For the 3-shock the same conditions hold
for the state vectors w, and up, left and right of the
3-shock and the shock speed A3. Across a 2-shock the
pressure and flow velocity are continuous.

To obtain a relation between wu_ and wu,, we
assume a stationary isentropic flow in case of a
decrease of the flow cross section in flow direction. In
case of a sudden increase of the cross section, we use
the Borda-Carnot pressure loss.

In both cases a non-linear equation for the flow
velocity u_ can be derived which has to be solved
iteratively. ~ Thus, the states w_ and u,, can be
determined and the mass, momentum, and energy flow
and the pressure on both sides of the discontinuity can
be obtained and prescribed in the finite volume scheme.

Note that we have discussed only the simplest case
of subsonic flow with u_ > 0. Depending on the
sign of the shock speeds we have to distinguish several
cases similar to Gudunov’s method. However, here an
additional case can occur, when in the —-region the
flow is subsonic, but reaches critical flow conditions uq
after the restriction of the cross section at z = zp-+. In
this case an expansion fan to supersonic flow follows,
see Figure 4.

(7)

2.2. 2D-Flow model

Since, the waves are mainly initiated by the
opening and closing of the discharge valves, wave
phenomena are of primary interest, only when the
distance between the piston and cylinder head is small
compared to the diameter of the cylinder. Thus,
during discharge the flow can be approximated by a
2D-dimensional flow parallel to the cylinder head.

Let Z = Z,(t) — zm(z, y) be the distance between
the cylinder head and the piston, where Z,,(t) denotes




discontinuity

Figure 4; Riemann problem with critical flow
conditions downstream of the discontinuity of the cross
section

the actual position of the piston at time ¢ and z =
zpr{z, y) 18 the surface of the cylinder head.
Assuming isotropic flow the governing equations
are:
(pZ) + (plu)e + (pZv)y = 0, (8)
(pZu) + (pZu* + pZ)e + (pZuv)y = pZe,  (9)
(pZv) + (pZuv)y + (pZ0* + pZYy = pZy, (10)

where p, u, v are the density and the velocity
components in z and y direction, respectively. The
pressure is given by the equation of state p = p(p, 5.

2.3. Vaive model

2.3.1. Mass flow

In Figure 5 a plate valve is sketched. The valve
plate is pressed (o the valve seat by springs and by the
pressure pa behind the valve acting on the effective arca
Ay . If the pressure py in front of the valve exceeds the
pressure py and the spring force, the valve begins to
open. The position zy of the valve plate is governed by
the equation of motion

my vy = (m - })Q)AV — k‘_x,-(Zv + l]), (11}

where my is the mass of the valve plate, ky the spring
constant and, {; an initial deflection. The valve Jift zv
is limited by 0 (closed valve) and the maximum valve
lift 2y 10y (valve completely open).

The mass flow through the valve is given by:

1k
Pe 1 . P2y
o= ¢py § 1 [ £5

23 P

{12)
where py; is the total pressure in front of the valve and
¢ = ¢{zv) is the effective flow cross section which is
a function of the vaive lift zy only {2] .

2 ra

y-1m

2.3.2. implementing the boundary condition
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Figure 6: Prescribing boundary conditions

In order to prescribe the mass flow given by
(123 at the boundary of the computational domain
ay, we proceed as follows:

Inspired by Gudonov's method, we first extend
computational domain to a ghost cell adjacent to
boundary. Let u; denote the state vector in the fi
interior ceil, and and assume the state vector Ug;
ghost cell is known. Now solving the Riemann prot
for the first interior cell and the ghost cell, we ob
the state values 1, at the boundary, and thus, the E
flux F(up). The solution of the Riemann proble
given by three shocks or expansion fans radiating f
the discontinuity at the boundary with the speeds
Ay < Ag. :

Let u_ and u, the states between the 1 '
2-shock and between the 2- and 3- shock, respecl
(see Figure 6). _

In case of a l-shock, the Rankine-Hug
conditions (5)-(7) hold by replacing uy, and 1
wpand y_. e

Across the 2-shock the pressure and the_ {1
velocity are constant w_ = uy and p- 7
In case of outflow 7w = 0, the boundary valug
wp = u_. Thus, the Rankine-Hugoniot condition
supplemented with the condition for the mass floy
case of inflow 7 < O the boundary value 821
y,. Additionally to the mass flow a second bQL}.ﬁ
condition can be prescribed, e, g. the entropy ¢

d

gas sq. = sp enlering the coOmMpressor Lel f
: - . . - 1

denote the density as a function of the cnl.I-QP.?i
WV

pressure, Using that the pressure and the flo
are constant across the 2-shock the following cOPEE
to supplement the quasi 1D-Euler equitions (3__-

obtained. :



m > 0,
th < 0.

Ap_u_,

AP{SE,p-)U_, (13)

= {
An alternative way to implement the boundary
condition is, to prescribe the total pressure p; ¢ and
 the entropy sg in the ghost cell, and to determine the
flow velocity in the ghost cell such, that when applying
a finite volume scheme to the interior cell I and the
- ghost cell G, the numerical flux at the boundary yields
~ he prescribed mass flow. A similar approach was used
by [1]. The advantage of this method is that is can
pe applied to all finite volume schemes while the first
method is essentially Gudonov’s scheme, which is of
first order.

2.4. Results

In order to evaluate the different flow models, a
compressor with the main specifications given in table
" | has been chosen. For details, see [4]. The compressor
has one suction and one discharge valve. Thus, the
1D-model can be applied (see figure 7). The pressure
at the locations, shown in Fig. 4, has been measured
at the test compressor and compared to the predictions
given by the different numerical models.

Table 1: Specifications of the test compressor

0.2 m
90 mm
16.3 1/s
1 bar

diameter dp
stroke h
speed f
suction press. Bire
discharge press. pais 5 bar
inlet Temp. Tn 300K
medium air

suction pressure

Figure 7: Location of pressure sensors in the cylinder

In Figure 8, the pressure difference between the
Sensors pe6 and pe5 computed with the 1D-, 2D-and
3D-flow model is shown. For the 1D-model 330 cell
per diameter have been used, for the 2D-model 104
cells, and for the 3D-model (FLUENT) 70 cells per
diameter. The computation time for two revolutions
had been 2 minutes, 4 hours, and 2.5 days for the 1D-,
2D-, and 3D-simulation program, respectively.

! T
P"(’*I’cg‘ Num. %D —_—

6—pes, P O[Y s
. press., Num.

BH— —

Pressure difference pc6-peS5 [bar]

1
200 250
Crank angle [°]

Figure 8: Internal pressure waves: comparison of
different flow models for the pressure difference

between suction and discharge side in the cylinder

0.6

T
measured

nuni. 1D e |

pressure difference pcl-pc5 [bar]

i L

i i
50 100 150 200 250 300
Crank angle [°]

Figure 9: Internal pressure waves: comparison
measurement and 1D-flow model for the pressure
difference between suction side and center

The difference of the pressures at the positions
pc6 and pe5 is an indicator of internal waves. The
first peak in the pressure difference corresponds to the
rarefaction wave due to the opening of the discharge
valve at a crank angle of about 135°. The predictions
of all three models agree up to a crank angle of about
160°, and differ only slightly up to 180°. The discharge
valve closes, shortly after the piston has reached the
dead point at a crank angle of 180°. During the
beginning expansion phase, internal waves remain in
the compression chamber. However, the results for the
2D-, and 3D-flow model agree reasonably well. The
damping of the waves predicted by the 1D-model is
much weaker.

In Figure 9, a comparison of the predictions of
the 1D-model with measured data is given. There is
a good agreement during the discharge phase. During
expansion, waves, traveling back and forth, can be
observed. Again, the damping of the waves, predicted
by the 1D-model, is weaker than damping of the
measured pressure waves. The damping rate of the
predictions of the 2D- and 3D-model are approximately
the same as the damping rate of the measured data.
All signals have the same frequency which can be
estimated by the speed of sound and the distance
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between the (wo valves,

3. Heat Transfer

3.1. Heat transfer modeling

A disadvantage of the simple 1D-model is that it 1s
ot capable to calculate the heat fransfer. Thus another
strategy is adopted. The basic idea is (o relate the wall
hieat flux density to a reference enthalpy flux density

q= 51 ]‘?'r(el’ = St CpAfl-l'(zf,omfumf-. (14

where S7 is a suitable Stanton number, and AT s, Prors
wyer are suitable reference values for the temperature
difference, the gas density, and the flow velocity,
respectively. The cycle of a compressor consists of four
phases: inflow, compression, discharge, expansion.

3.1.1. inflow

The gas enters through the suction valve. Thus a jet
of cold gas emanating at the suction valve and impinges
onto the piston rod or surfaces adjacent to the suction
valve. The reference velocity from the inlet mass {low
7hip, through the suction valve is given by:

Uref,in = Thfin/ (,O'lllA(‘,l'()SS(t)) s (15

where the Agess(t) = dy, Z(t} 1s the cross section of
the compression chamber along the piston rod and 2 {t)
is the distance of the piston from the cylinder head. The
reference density pror is taken from the values of the
thermodynamic state of the gas at inflow, pres = Pin-

The heat transfer will be influenced after some
retardation time g, since it takes some time for the
cold gas to impinge at the surfaces of the compression
chamber. Thus the associaled heat flux through a
surface of area A{f) of the compression chamber is
written as a function of the time £ as:

Qin (13) b]’mfp(’]j:n Tm}

All)
O

The retardation time tg, defined as the time the inflow
jet with velocily tiyje needs to reach the center of the
cylinder, is given by

d
[ — 17
¢ 2”"111.'1(‘,1‘ ( )

The inflow velocity tinjee is estimated by

Thiy

Uipiet = —, 18}
injef PAeﬁ' (

where Aqp is the effective flow cross section of the
inflow path. We approximate Ay by the cross section
Ao of the 0 )cuing bctwecn the cy]'mder and the valve

g slm.frm.‘
We Ch()ObL

(19

£ = 2.5 pision, head, piston rod
e 5.0 cylinder barrel

397

The main surfaces of the compression chany),
the piston, cylinder cap, piston rod and the eyl
barrel. Their areas are

Al'ucl == ﬁd‘!‘nd Z(f)’
Aplst Ahvml dez /]

Asiae = wdpy Z{E).

3.1.2. Outflow

During outflow, it is expected that the flgy
dominated by the outflow of the gas. Similar g
inflow phase, the reference velocity :

Uyel ,out = '-"v;'?»mn./ (p(ml.ACruss (f))

is used. The choice of a reference density is not
relevance since it does not appear in the formulg for
heat fiux density when expressing the heat flux de
in terms of the mass flow.

Thus the local velocities will be propor nomxl 10
out going mass flow ieu]. Thus the heat uémsf
related to the out going mass flow is

. At
Quut('{;) o= Stoutcp' ( )

m‘z”{")' Mout (,-Tw - r-l'g;\::)-

For the outflow phase, no retardation tim
necessary since the information, that the vajve is 0]
spreads with the speed of sound which is consxdel
larger than the actual flow velocity.

3.1.3. Compression and Expansion
In the compression phase a natural refercnee
Howwm at the turning points of the piston mouon,

zero, but the heat flux density will not vanish. Thus
sec ond reference vclocﬂy is chosen, um = h I _Wh

cxpdnuon is gwul by

x Uy A . [
anmp = (517) F( ) 3 *Si'm> Piscal“mcpAI A(

? T

As reference density, the density psens ¥
results from an isentropic change of stale fron
inflow condition (o5, 1) to the actual gas Lcmp_.f?!'
T in the compressor, is used. '

Assume a constant isochoric heat capacity Co
ideal gas. Then the density pises is given by :

TN F =
,Oiscan(-T) = fhn (7}”)

Summarizing the reconstructed heat flux Qz
has the Torm :




(20)

W ig
) the

(21

)t of
I the
1sity

) the
1sfer

(22)

218
pen,
able

23)

Qrm: (t) =

miﬂ(t - tD) Tout
tin————== + Stout———=
(S Across (t) " . Across (t)
(25)

=t Stpup(t),oiscn + Stmpisenum)
'A(i)ép(rfw - Tgas)-
3.2. Results

First a commercial CFD program, FLUENT, is
used to calculate the heat fluxes (2, through the faces

- of the compression chamber (piston, cylinder head,

parrel, piston rod). Additionally to the compressor data
given in Table 1 and the properties of the gas (air),
the wall temperature 7;, = 400 K has been prescribed.
The heat fluxes Qum calculated by FLUENT through
the side wall and the cylinder head are shown in Figures
10 and 11 by the solid line as a function of the crank
angle, respectively. Note, that the area of the side wall
Asiqe(t) changes with time due to the piston motion,
while Apeaq 1S constant.

250 T T T T T T

= Q_in 19% 7"

Q_oul 3%
Q_p 13%
Qm 65% ==

Qw]

Q_num

) 1
500 550 600 650 700 750 8OO 850 900
Crank angle ¢ [°]

Figure 10: Components of the reconstructed heat flux
through the side wall

2m T T T T T T T
100
ol
- |m L
B
<, ~200 Qin3g "
O 300 Qout 16% .
—400l Q_p 18% ) Al
Q_m63%
=so0r- L3 R 7
=600 .-' Q_num E
-700 ! L L 1 1 L

L
300 550 600 650 700 750 8OO 850 900
Crank angle ¢ [°]

Figure 11: Components of the reconstructed heat flux
through the cylinder head

At a crank angle angle of 540°, the compression
Shamber has its maximal volume. The gas temperature
18 almost equal to the inlet temperature of 7}, = 300 K.
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Thus, the heat flow is directed into the compression
chamber (positive sign). Then the compression starts,
the temperature of the gas rises, and the heat flux
decreases. At a crank angle of about 640°, the gas
temperature is equal to the wall temperature, and the
direction of the heat flow is reversed.

At a crank angle of 680°, the discharge valve
opens, and the flow is dominated by the outflow which
is strongly influenced by the valve motion. However,
this valve motion causes rapid variations in the heat
flux.

During expansion, the gas temperature decreases.
In this stage, the heat flux is again dominated by the
flow induced by the piston motion until the suction
valves opens at about 830°, resulting in a sharp increase
of the heat flux through the side walls.

In order to reconstruct the heat fluxes from data
available from a 1D-flow model, the Stanton numbers
have to be known. They are determined such, that the
reconstructed heat flux ch approximates the heat flux
Qpum determined by the CFD code best in the sense of
least squares. The quadratic approximation error

b 3
/ (Qnum(t) = Qrec(t))zdt — min (26)
J0

over a complete compression cycle with period £, has
to be minimized. The results for the Stanton numbers
for the cylinder head and the side wall are listed in
Table 2.

Table 2: Stanton numbers

head side wall
Stin 1.01-107% | 4.3-1073
Stout —0.74-1073 | -0.47-10"3
Sty -4.9-107% | -3.1-1073
St 51.8 1073 | -36.3-1073
rel. error 18% 10 %

The Stanton number St is negative since the out
going mass flow 11, is negative. The Stanton number
Sty is a correction to the mean piston velocity, and
thus, its sign has no direct physical interpretation.

The reconstructed heat flux for both faces is shown
in the figures 10 and 11, respectively. The relative error
is about 18% for the cylinder head and 10% for the side
walls, The approximation of the heat flux through the
side wall is better since the area of the side wall during
the outflow is smaller. Additionally the contributions
of the four components to the reconstructed heat flux
are also indicated. Obviously the main component is
associated with the heat flux due to the piston motion
(about 80%). The heat flux associated with the outflow
has a significant influence on the heat flux through the
cylinder head but is negligible for the side wall. The
heat flux associated with the inflow has a significant
contribution to the heat flux through the side wall
but almost no influence on the heat flux through the
cylinder head.




4, CONCLUSIONS

Flow models have been discussed to predict
internal waves and a heat fransfer amalysis of a
reciprocating compressor.  Although these quantities
can be predicted by commercial codes, there is a need
for fast easy 1o handle models wsing only a fraction
of the computational effort. Tor internal waves, it
has been shown, that, in case of a simple compressor,
a 1D-flow model is sufficient. For the heat transfer
analysis a |D-flow model is also sufficient provided
that a data base for dimensionless coefficients, Stanton
numbers, for compressors under similar operation
conditions is available.
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