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ABSTRACT A performance model of a Wankel engine has been developed which predicts the mass fraction
burned in the combustion chamber as a function of chamber pressure. The model includes gas leakage past
the seals, heat transfer, and flame quenching on the chamber walls and at the entrance to crevices. Ex-
periments were performed on a production Wankel engine to obtain chamber pressure-time diagrams, and
engine performance and emissions data. The uniformity of the mixture in the chamber was studied by time
resolving the exhaust mass flow rate and the exhaust concentrations of unburned hydrocarbons, carbon
monoxide, nitric oxide, oxygen, and carbon dioxide. No evidence of charge stratification was observed.
Model predictions of mass burnt, global heat transfer, and hydrocarbon emissions are in good agreement
with measurements. The model is then used in a parametric study of thermal efficiency as a function of
an effective leakage area, and the effects of finite burning angle, heat transfer and wall quench on
efficiency are assessed.

INTRODUCTION 3. LIST OF SYMBOLS
1. The problem addressed in this paper is that of
performance losses in a Wankel engine. A theoreti- 2 sound speed
cal analysis capable of a priori predictions is not
yet plausible because the mechanisms of flame propa- A area
gation and the structure of fluid motions in inter-

constant

nal combustion engines are not adequately understood,
though progress is being made [1,2]. In the studies
described here, a measured pressure diagram is used Sy
to bypass the modeling of the flame propagation

constant volume specific heat

process [3]. An alternate approach would be to use hf specific enthalpy of formation of absolute zero
an empirical burning law [4, 5] which has the ad-

vantage of allowing extrapolation to conditions B integral loss of extensive enthalpy from open
different from the experiments. However, it is system

important to recognize that assumptions concerning n mass

the flame speed will affect the calculated engine
performance. Observations of flame propagation with-
in Wankel engines show the flame speed is fastest
in the direction of rotor rotation [6, 7]. It is

Nu Nusselt number

believed that gas motion from the trailing zome of P Pressure

the combustion chamber to the leading zone is res- 3

ponsible for this effect. It is also believed that Q integral heat loss by a system
these gas motions are in part responsible for rich

portions of the charge concentrating at the q quench layer thickness
trailing side of the combustion space [8]. The

model developed here assumes a homogeneous change, T generating radius

and experimental evidence is presented to support

that assumption. Re Reynolds number

2. The performance model outlined here was devel- £ time

oped to quantify performance losses which result

from heat transfer, seal leakage, and flame T temperature

quenching. All these phenomena are treated approxi-

mately. Our object is twofold: to give a tolerably n velocity

complete picture of performance losses in a Wankel

engine and to use that information to evaluate per- v volume

formance gains realizable by leakage reduction.

While there has been much discussion of the Wankel W integral work done by a system

engine and its performance characteristics, there
has been little effort devoted to quantifying the
relative importance of the different loss
mechanisms.

x mass fraction burned
o, B coefficients in quench correlation

Y specific heat ratio
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4. The analysis uses a measured chamber pressure-

time diagram to eliminate the closure problem which,

as mentioned, results from an incomplete under-
standing of the processes governing turbulent flame
propagation.
are then applied to open systems (Fig. 1) defined
by the three instantaneous chamber volumes in any
one rotor, to calculate the engine performance
characteristics [9]. The equations used to esti-
mate the three important loss mechanisms--wall
quenching, leakage past the seals, and heat trans-
fer will now be reviewed.

(a) Quenching
5. The boundary surrounding the system is selected

to enclose a bulk gas and an unburned gas as shown
schematically in Fig. 2. The quench layers on the
chamber walls are not part of the system, nor are
quench crevices. The quenching process is treated
as follows. In an incremental time &t a quench
mass Gmg and its associated enthalpy are assumed to
leave the system, where

qu =p,aV 8V (1)

The quench layer thickness which varies with time
is calculated from the relation

p* 1 B
9 = I 5y L
% 0.4( )(Tu) (2)

6. The reference quench conditions (subscript r)
and quenching exponents from references [11-14]

Mass and energy conservation equations
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are given in Table 1. The use of equations (1)
and (2) to predict the mass quenched gives reason-
able results (as discussed later), even though
the model is oversimplified. For example, it is
assumed that the mass quenched is independent of
the wall temperature and of the turbulent scaling
in the boundary layer. These effects and others,
which are neglected in the present calculation,
are examfned in references [15-21].

7. In a manner analogous to quenching on the
rotor and housing surfaces, mass is removed from
the system when it is compressed into a crevice
volume composed of the clearance between the
rotor and side covers, and the distance between
the rotor face and the first side seal (a volume
estimated to be 0.12 cm3/chamber for the Toyo

Kogyo Series 10A engine used in these tests). The
mass quenched in this crevice is given by
= M
bm =p, _u Ze &V (3)
T A
w f
(b) Leakage
8. Gas flow between chambers is estimated by as-

suming that leakage past the seals may be modeled
as the quasi-steady one-dimensional flow of an
ideal gas through an orifice of area Al’

. * 2
my = Ajk P aj("qﬁqﬁﬁ 4)
9. TFor a choked leakage the effective leakage

area and the critical area of equation (4) are
synonymous; otherwise the critical area depends
upon the pressure ratio across the seal in addition
to the leakage area [22]. The determination of the
effective leakage area is not a straightforward
matter, and the value used in the present calcula-

tions (A, = 0.5 mmz, or 1 mm2 per chamber) is an

estimate made from measurements of apex seal
geometry. Side seal leakage is assumed negligible.
Leakage in Wankel engines has been studied by other
investigators [23-25]. Whether simple equations
such as (4) adequately model the instantaneous
leakage rate is not yet clear.

(c) Heat Transfer

10. It is to be expected that energy losses of
heat transfer are considerable. Not only does the
Wankel possess characteristically large surface to
volume ratios compared with an equivalent piston
engine, but also large velocity gradients exist at
stationary surfaces, since the working fluid is
constrained between apex seals and thus forced to
rotate at close to the rotor speed. Assuming

that the effect of radiation heat transfer on the
scaling law fs small, then dimensional analysis
applied to forced convection suggests that the
Nusselt number be some function of the Reynolds
number and the Prandtl number. Our study uses the
correlations due to Woschni [27] primarily because
the expected Reynolds number dependence was dis-—
played,

Nu = (0.035 Re0'8

&)
In the Wankel engine application, we have assumed
that the appropriate gas velocity is

chTb

PoV

®-p,) 6)



Bquation (5) then adequately models the time aver-
age heat losses in the engine [9]. The first term
of equation (6) is interpreted as the average gas
velocity due to rotor rotation. The second term
is an empirical expression included to model the
combustion induced gas motion fozlwhich Woschni
gives ¢ = 3.24 x 10~3 m sec=l °k ",

11. It is not expected that the equations (5) and
(6) will adequately predict the instantaneous heat
transfer rate, At close to top dead center, gas
velocities are much higher than rw/3 [7].

12, Using ideal gas models for the burned and un-
burned gases, and assuming that the volume of
burning fluid within the combustion chamber -is
negligible, the mass fraction burned is related to
the cylinder pressure by [9]

PV = pV, + (v =1) (W) + (v -y e (@l -m T

@)

x=
(Yﬁyu)m ‘vu Tu _cyb_l)m<hfb_hfu)

The losses which affect the relationship between
the mass fraction burned and engine performance
parameters are the net heat loss Q and the net
enthalpy loss H from the system since ignition.
Another way to calculate the mass fraction burned
is given in reference [26], however, leakage is
neglected.

13. The heat loss correlation, equation (5), is for
a system which includes the quench layers. The

heat loss from the bulk gas in the system considered
here is reduced; since the quench layers are outside
the system, a portion of the thermal boundary layer
lies outside our open system model of the burned
region. Consequently, two limiting cases have been
analyzed. The first case assumes that the thermal
boundary layer and the quench layer are the same
thickness, therefore the bulk gas is adiabatic and
Q=0 in equation (7). Since the thermal boundary
layer grows with time, it is expected that this
assumption will be good early in the combustion phase
and break down as time goes on. This expectation
leads to the second case where the quench layer is
assumed much thinner than the thermal boundary layer
so that Q in equation (7) is calculated according

to equation (5).

(d) Results

14. Results of calculations of mass fraction burmed,
based on measured chamber pressure-time curves for

a Toyo Kogyo production Series 10A engine are shown
in Fig. 3. When x = 1, all the unburned gas avail-
able for combustion has been burned. The unburned
gas not available for combustion has either been
leaked out of the combusting chamber or lies in
quench layers and crevice volumes. Only half the
leakage is truly wasted, since half of the leakage
out of the combusting chamber is into the compressing
chamber where it becomes available for the next
combustion process.

15. Fig. 3 shows that within the accuracy of our
model all the mass has been accounted for, and also
that the manner in which the model handles heat
transfer is important. The relationship between
the quench layer and the thermal boundary layer is
clearly an area requiring further study. Order of
magnitude calculations using equation (5),
Reynold's analogy, and the universal velocity pro-
file suggests that the quench layer thickness is
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the same order of magnitude as the viscous sublayer.
This conclusion depends upon the stoichiometry of
the combustion since quenching distance is a strong
function of equivalence ratio whereas the boundary
layer thickness is not.

16. Table 2 shows the effect of engine speed on
the mass balance carried out on the combustion
chamber from ignition to end of combustion. The
mass avallable for combustion is about 90 percent
and the remaining mass is leaked to the leading or
trailing chamber, or is in the quench layers and
crevices. Note that the percentage of mass leaked
decreases with increasing engine speed.

17. Assuming that leakage, quenching, and crevice
volumes are the sources of unburned hydrocarbons (HC)
in the Wankel, estimates can be made of the average
exhaust HC concentrations using the models already
described. These calculations are especially per-
tinent as they provide a consistency check on the
geometrical evaluation of the leakage area.

18. During combustion the leakage out of the cham-
ber 1s assumed to be unburned gas. This corresponds
to assuming that mixing occurs on a time scale

long compared to the flame spread, that the flame
reaches both apex seals at approximately the same
time, and that the effect of the finite thickness
of the flame is negligible, The wvalidity of these
assumptions are expected to depend upon the number
of spark plugs, their position and timing, as well
as the parameters governing flame speed.

19, Leakage of unburned gas into the exhausting
chamber begins during blowdown and continues until
combustion is finished; the integral of the leakage
is the leakage contribution to the exhaust HC.

Fig. 4 shows a comparison between measured and
calculated exhaust HC concentrations. The areas
shown crosshatched are the calculated contributioms
to the total HC concentration of three sources.

The calculations assume that once formed the HC
does not react since the cases being examined are
fuel-rich [28]. At high speeds the quenched HC

are the primary source whereas at low speeds the
leakage dominates. The crevice volume contribution
in this engine appears to be a secondary source.

20. Note that the model outlined calculates heat
release rate and predicts HC concentrations which
are consistent with experimental observation. One
input to the HC calculations which has not yet been
mentioned and yet plays an important role in the
determining exhaust concentrations is the fraction
of the HC formed which is exhausted.

EXHAUST GAS NONUNIFORMITY

21. To examine the distribution of pollutants and
fuel-air ratio throughout the exhaust process, a
study was completed which time-resolved the ex-
haust composition and flow-rate [10]. Composition
of the exhaust gas, at a given angle, was measured
by withdrawing for analysis a small sample at the
same point in the exhaust process from successive
cycles. This was accomplished by a sampling valve
mounted downstream of the exhaust port. By varying
the angle at which sampling occurred, the composi-
tion was discretely time-resolved. Typical results
are given in Fig. 5. Previous investigators
[29-31] had shown that nonuniformities in the ex-
haust flow are significant.



¥2. Our results show that the exhaust gas can be
divided into essentially two phases. First, a
Ieading gas characterized by high concentrations

of W0 and low concentrations of HC and 02 concen-
trations. Nonuniformities in CO and CO; are small,
slightly higher concentrations being in the leading
gas. The leading gas is presumed to be burned gas
and quench layers entrained from the rotor face.

From these data it has been estimated that 50% of

the mass of rotor quench layer is entrained into

the exhaust flow during blowdown. The trailing gas
is thought to be burned gas, rolled up quench layers,
and leakage of unburned gas from the trailing chamber.
As the rotor rotates, boundary layers are rolled into
vortices by the seals. Assuming only trailing gas
remains in the chamber at the end of the exhaust
process, the fraction HC exhausted is estimated to

be = 90%.

23. It has been tacitly assumed in the performance
model that there is no stratification of fuel in the
unburned charge. It has long been recognized that
the average exhaust composition is a function of the
equivalence ratio, thus, it is reasonable to assume
that a time resolved equivalence ratio may be calcu-
lated from time resolved exhaust composition. The
calculations shown in Fig. 5 were done by the method
of Spindt [32].

24. Theoretical calculations of the NO gradient in
the burned gas, assuming no burnt gas mixing, predict
frozen concentrations which are an order of magnitude
higher in the first element to burn than in the last
to burn [9]. Here a two to one gradient has been
measured in the exhaust. The fact that the leading
gas is on the average higher in NO than the trailing
gas means that on the average the leading gas burns
earlier in the cycle than the trailing gas. This is
consistent with experimental observations [6, 7] that
the flame is assisted in the direction of rotation and
impeded in the direction opposite rotation. That a
significant gradient in NO has been measured in the
exhaust means that mixing in the burned gas is in-
complete. That conclusion, coupled to the calcula-
tions made of a time resolved equivalence ratio,
support the assumption of a homogeneous charge.

PARAMETRIC STUDY OF LOSSES

25. Our thermodynamic model of engine performance
can be used to evaluate the relative importance of
leakage, heat transfer and quenching on thermal
efficiency. To put the real engine cycle in per-
spective, a comparison was made with a fuel-air
cycle calculation [33], and the results are shown
in Fig. 6. In the fuel-air cycle the mass inducted
into the chamber is the same as in the real:cycle,
but leakage, heat transfer and quenching are omitted
and combustion occurs instantaneously at top-dead
center. The real cycle efficiency is about half
the ideal fuel-air cycle efficiency, It is also
shown in Fig. 6 that losses after combustiom,
indicative of heat and mass losses, are small.
Hence, the greatest loss is due to the finite
burning time.

26. The relative importance of leakage, heat trans-
fer and quenching as performance losses was then
examined as follows. The experimentally determined
pressure~time diagram for the 2000 rpm, mid-load

(432 kPa bmep) run was used as input to the perfor-
mance model previously described. Various assumptions
were made about the different loss mechanisms. The
spark timing and
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fuel-air ratio were held constant. The mass in-
ducted was then varied until, at the end of com-
bustion, all the mass in the chamber had been
burned, leaked or quenched. The cycle thermal
efficiency (which here is inversely proportional
to the mass inducted) was then computed. Calcula-
tions were carried out with leakage, heat transfer
and quench omitted; with these losses included one
at a time; and with all losses included. The
leakage area was taken at 0.5 mm? per apex

seal. The results are given in Table 3. Leakage
and quenching are comparable in their effect on
thermal efficiency; heat transfer is about twice
as large at the conditions examined. Note that
the inlet mixture temperature varies inversely
with the mass inducted with this calculation pro-
cedure. The effect of these changes in inlet
temperature on brake thermal efficiency is small,
however.

27. To determine the effect of reduced leakage due
to improvements in seal design on thermal efficiency;
a similar seriés of calculations was carried out
with all losses included, but with various leakage
areas. The calculated brake thermal efficiencies,
as a function of engine speed, are shown in

Fig. 7. The A, = 0.5 mm®> curve is developed

from experimental data (A, 1s the leakage area
per apex seal); the measured pressure-time curves
at each engine speed were then used to calculate
the efficiency with different leakage areas. The
increasing importance of leakage at lower speeds

is clear. These results scale with leakage area,
and important realization since the area may be
estimated only to order of magnitude and since

that area can be expected to vary from engine to
engine.

CONCLUSIONS

28. This paper has reviewed a Wankel engine per-
formance model which includes quenching, gas leakage
and heat transfer. The validity of the model was
demonstrated by comparing a predicted mass balance
with measured fuel and air flow rates and hydro-
carbon emissions. The model was then used to
examine the relative importance of these loss
mechanisms on engine brake thermal efficiency.

At 2000 rpm, mid-load operation, leakage and quench
are comparable in magnitude as performance losses,
and about half as large as heat transfer.
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TABLE 1

Quenching Parameters as a Function
of Equivalence Ratio ¢

= 9 -
T_ =373 °K, p_ = 4 atm

. (35) ¢ ¢

.85 .64 .53

. 64 .50 +w52

.56 .50 .62

.54 .50 .66

1.3 + 54 .50 .66

TABLE 2
Mass Balance from Ignition to End of Combustion
gggige m mk}mo mL.J’m0 mcv/mo mh/mo

RPM g % Z % %
1000 0.57 2.5 13 0.3 84
1500 0.47 2.6 11 0.4 86
2000 0.44 4.1 7.5 0.3 88
4000 0.42 2.9 5.5 0.6 91
6000 0.49 3.5 2.9 0.5 93

Engine load = 400 kPa

m, = mass in chamber at ignition

mq = mass in quench layers

m; = mass which leaked out of chamber
m,, = mass in crevice volumes

= mass burned during combustion

TABLE 3
Effect of Loss Mechanisms on Thermal Efficiency

Case Brake (1-n)d, %
Thermal n
Efficiency °
n%

No losses (no) 21.9 0

Crevice volume only 21.5 1.8

Wall quench only 20.7 5.5

Leakage only 20.7 5:5

Heat transfer only 19.4 11.4

All losses included 17.0 22.4

2000 rpm, 432 kPa bmep, fuel-air equivalence
ratio 1.04
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exhaust

FIG.1  Schematic of three control volumes, coupled by
leakage past apex seals, used to model thermodynamic
performance of one rotor.
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FIG.2 Simple geometric model for flame quenching at
chamber walls.
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