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ABSTRACT

A rapid compression machine (RCM) for chemical kinetic studies has been
developed. The design objectives of the machine were to obtain: 1) uniform well-
defined core gas; 2) heat transfer reduction; 3) containment of vortex formed from
the side wall boundary layer; 4) pre-reaction minimization; and, 5) minimum
dynamic stress. A crevice volume on the piston head was incorporated to achieve
the side wall vortex containment, and the basic dimensions of the machine were
determined from the above design objectives.

Preliminary tests with inert gases were conducted to check the performance of
the RCM and to determine its heat transfer characteristic. Gas pressure was recorded
without much mechanical vibration, and the performance of the machine was
repeatable. For the piston with the crevice, the measured post-compression pressure
matched with the pressure calculated assuming flow is laminar and the pressure
drop rate after compression was slower than that for the piston without the crevice,
indicating that the gas condition in the test chamber for the piston with the crevice
is consistent with the expectation based on laminar theory.

Hydrocarbon absorption into O-ring material and purging procedure were
carefully studied to ensure repeatable and reiiable ignition delay measurements. O-
rings with the least absorptivity were selected for the test chamber, and the time to
reach the absorption saturation was determined from the measured absorption process
of the test chamber. The repeatability of ignition delay measurements was achieved
by using a dummy O, run between measurement runs, and the measured ignition
delays were repeatable within 5 % of each other.

Measurements of ignition delays for homogeneous primary reference fuel
(PRF)/0,/N,/Ar mixture in the rapid compression machine have been made with
five primary reference fuels (octane number 100, 90, 75, 50, and 0) at an
equivalence ratio of 1, a diluent/oxygen ratio of 3.77, and two initial pressures of
S00 torr and 1000 torr. Post-copression temperatures were varied by blending Ar
and N, in different ratios. It was found that the ignition delays were not a linear
function of the octane number of the fuel. Within the experimental range covered,
the first-stage ignition delays decreased rapidly as the temperature increased, whereas
the second-stage ignition delays stayed unchanged as the temperature increased.
Comparison with existing data showed that the ignition delay measurements made in
other RCM’s should be carefully re-evaluated partially due to their high heat
transfer characteristics and partially due to their improper mixture preparation
procedures.
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CHAPTER 1

INTRODUCTION

Spark ignition engine knock is known to be a result of the autoignition of an
adiabatically compressed portion of the unburned fuel-air mixture ahead of the
advancing flame front [1,2,3] and obtaining an understanding of this process has been
one of the major goals of combustion research [4,5]. In engine studies, primary
reference fuels (blends of normal-heptane and iso-octane) are used to establish the
octane rating scale, but only limited research on these fuels has been carried out
under controlled conditions.

To isolate the autoignition process from the complex in-cylinder engine flow
conditions, experimental investigators of knock have used various experimental
apparatuses, such as a rapid compression machine, a shock tube, and a combustion
bomb [1,6,7,8]. In such devices the autoignition of primary reference fuels has been
observed to be either a single- or a two-stage event depending on the physical
conditions and the fuel.

An excellent apparatus for observing the two-stage ignition event under engine
like conditions is the rapid ccmpression machine (RCM). Unfortunately data obtained
in different rapid compression machines operating under similar conditions often
disagree [6,7]. The probable reasons for this disagreement are the difficulty of
determining the effective temperature of the gas in the presence of turbulent
boundary layers and the side wall vortex rolled up by the piston [9], and the run-
to-run interference of active species adsorbed on the test chamber walls from
previous runs.

Since chemistry is very sensitive to the temperature, it is the highest

temperature, which occurs in the adiabatic core gas, that controls the reaction rates
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[11 It is, therefore, important to have a well-defined core temperature region in this
type of experiment. It is also important to have accurate pressure measurements
since these are used to determine the core temperature. In some rapid compression
machines pressure traces were so masked by mechanical vibrations that obtaining
accurate pressure data from these traces was practically impossible [10].

To help solve these problems a new rapid compression machine has been
developed in which heat transfer and vibration have been reduced to a minimum
and the wall vortex has been captured in a crevice. The performance of the
machine was tested with inert gases. Pressure traces were recorded with little
meci:anical vibration, and the performance of the machine was repeatable. The
measured post-compression pressure agreed with the pressure calculated assuming flow
is laminar and the cooling rate of the charge after compression was reduced,
indicating tbat the corner vortex was successfully captured in the crevice.

Autoignition studies for primary reference fuels were conducted under carefully
controlled conditions. The results were repeatable with the proper purging procedures
described in Chapter 4. It was found that current measured ignition delays agreed
with existing data qualitatively, but not quantitatively. The heat transfer
characteristics of other rapid compression machines and the purging procedures used
were carefully examined. Some of these rapid compression machines were found to
have high heat transfer characteristics.

The current measurements of autoignition are believed to be the most accurate
since low heat transfer characteristic and little mechanical vibration allowed accurate
core temperature determination from the measured pressure trace, and the filling and

purging procedures were carefully chosen for repeatability.
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CHAPTER 2

DESIGN AND OPERATION OF RCM

2.1 Review of Previous RCM’s

Recent RCM's were reviewed in Table 2.1 to determine the basic structure of
the current RCM such as driving mechanism, stopping mechanism, test chamber bore,
clearance height, and average piston speed. RCM's have been used mainly for the
study of in-cylinder flow and auto-ignition process. These phenomena have been
studied both from an engine and from a chemical standpoint, therefore RCM’s can be
divided into two classes as shown in the last column of Table 2.1: engine-biased and
chemistry-biased. The former are designed to simulate the conditions inside the
combustion chamber of an engine, and tends to follow engine practice in having
constant, rather short stroke, test chamber with large surface/volume ratio, and
rather low deceleration for the piston stopping. Such design is characterized by high
heat transfer due to the high surface/volume ratio of the test chamber and flow
conditions such as turbulence and a corner vortex. This high heat transfer
characteristics makes engine-biased RCM’s unsuitable for chemical studies. On the
other hand, the latter are designed to study chemical kinetics of various fuels, and
are characterized by low surface/volume ratio of the test chamber and usually by
laminar flow condition to have a uniform well-defined core temjcrature region since
chemistry is sensitive to temperature.

The most important design consideration was how to drive and stop the piston.
In previous RCM’s, the impact of a falling weight or a pneumatic driving by high
pressure gas were used for the driving mechanism. The pneumatic driving system

was chosen for the present machine since it gives a continuous driving force. The
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stopping mechanisms used in previous RCM’'s were as follows along with typical

decelerations of the piston:

1) plastic deformation of metal [11] a~ 10 m/s?
2) air cushion chamber [6] a ~ 10° m/s?
3) hydraulic system
snubbing chamber [17] a - 10* m/s?
hydraulic pin and groove [16] a - 10° m/s?

The piston should be stopped as rapidly as possible without any damage to the RCM.
An excellent choice is the hydraulic pin and groove system for the stopping
mechanism.

Important parameters that affect heat transfer characteristic of an RCM were
examined. Temperature variation due to sound waves induced by piston motion was
obtained from the relation:

2

u
AT _ »-1 . p J';—IMmz (2.1)
T 2y RT
u2 u2
- y-1 p - -1 P
2y RTiCR7'1 2y RTi(1+S/h)""1

where up is the piston speed, CR is the compression ration, S is the stroke, h is the
clearance height, y is the specific heat ratio, and Ma is Mach number.

The thermal boundary layer thickness ST for gas undergoing pressure change
was investigated by J.C. Keck [22], and is proportional to the square root of
cheracteristic heating time (see Appendix A.2 for the definition of the characteristic

heating time):

ST = Jarrch - Jah/('y-l)up (2.2)



- 17 -

where Tch is the characteristic heating time, and the thermal diffusivity, «, is
typically 5x10_6 m?/s at typical knock temperature and pressure. Measured and
calculated cooling times are defined as the reciprocal of logarithmic pressure drop
rate at the end of compression, and are given by the relations (A2.7) and (A2.8) in
the Appendix A.2 respectively.

Using the elementary entrainment theory [23], the relation for the corner vortex
diameter dv was derived in Appendix A.l1 and is given by:

(-y+1)/2 /2 4y

d = 4 x CR (cr!

h (2.3)
\'

where x = 0.1 is a constant determined from experiments with water [9].

In Table 2.2, the numbers calculated from the relations (2.1), (2.2), (2.3), (A2.7),
and (A2.8) are summarized for chemistry-biased RCM’s [6,16,18,21). It is observed
that a machine with higher ratio of corner vortex diameter to bore has lower ratio
of measured cooling time to calculated cooling time, signifying that corner vortex
plays an important role in heat transfer. It is also observed that current machine
has the longest measured cooling time among recent chemistry-biased RCM's. In the
design of previous chemistry-biased RCM's, the corner vortex has not been explicitly
taken into account. The bore to clearance height ratios of the previous RCM’s test
chambers were of the order of 1 [16], and for a compression ratio CR of 10 and a
specific heat ration y of 1.4, the following relation is obtained from (2.3):

2dv/ b ~ h/b ~ 1
which shows that the corner vortex filled the almost entire test chamber of previous
RCM’s. This raises a serious question about the existence of a uniform core gas in

previous machines.

2.2 Ideal RCM
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The fundamental objective of a rapid compression machine is to heat a test gas
as rapidly as possible to high temperature and pressure with as little heat and mass
loss as possible. In an ideal machine of this type the teinperature T and pressure P
of the test gas are related to the compression ratio CR = Vi/V and specific heat
ratio y = Cp/cv by the equations:
lT

T.
i

ln CR = (1/(y-1)) d1nT (2.4)

and

T

T,
i

In P/P, = l (y/(y-1)) dInT (2.5)

In the derivation of (2.4) and (2.5) it has been assumed that there is no heat or
mass loss and the test gas obeys the ideal gas relation of state:

PV = (n%/“%) RT (2.6)
where R is the universal gas constant and V, mg and Wg are the volume, mass and
mean molecular weight of the test gas.

Typical plots of y as a function of temperature for i-C8H18/02/N2/Ar mixtures
with various N2/Ar ratios are shown in Fig. 2.1 [24,25]. Also shown are
corresponding plots of the pressure ratio as a function of the compression ratio and
the temperature as a function of the pressure ratio. It can be seen from these plots
that to achieve temperature and pressure in the range of 700 to 1000 K and 10 to
100 atm of interest for the study of autoignition in automobile engines, a
compression ratio CR higher than 10 is required for an initial temperature of 300 K
and an initial pressure of 1 atm. This is the most basic requirement placed on the

design of the present machine.

2.3 Design criteria of the current RCM
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The most important design objective for a chemistry-biased RCM is to have a
uniform weli-defined core temperature region, because the reaction rate is highly
sensitive to temperature[1]. To obtain the uniform well-defined core temperature
region in the test chamber, heat transfer should be reduced and temperature should
be uniform. It is also important that any pre-reaction during the compression should
be minimized. Dynamic stress consideration is also an important part of the design
in addition to the design criteria imposed by aerodynamics and thermodynamics since
some of previous RCM’s suffered from vibrational problem [10] as shown Fig. 2.2.
Vibration should be minimized to determine core tem[lwrature accurately since it is
calculated from the measured pressure trace. The following conditions were imposed
as design criteria for the present machine:

1) heat transfer reduction;

2) corner vortex containment;

3) temperature uniformity;

4) pre-reaction minimization;

5) dynamic stress consideration.

Even though the corner vortex containment is a part of heat transfer reduction, it is
addressed here separately since it has not been explicitly considered in the design of

previous RCM’s.

2.3.1) heat transfer reduction

To reduce heat transfer, a) the flow should be laminar; b) the thermal
boundary layer thickness should be small compared to the clearance height; c) the
laminar cooling time should be large compared to the typical ignition delay time of
interest; and d) the ratio of laminar cooling to characteristic heating time should be

as large as possibie. enough. In a pistoncylinder machine of the type designed and
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constructed, the laminar flow condition requires that the Reynolds number Re =

upS/ v based on the stroke S and the piston speed up, be less than critical Reynolds

number, Re . = 2.5x105:
crit
u_S u_(CR-1)h
. S I
Re = = < Re . (2.7)
v v crit

where the kinematic viscosity, v, is typically Sx10—6 m?2/s at the end of
compression. Under laminar condition, thermal boundary layer thickness for the gas
subject to pressure change was investigated by J.C. Keck [22], and is proportional to

the square root of characteristic heating time:

8y = Ja‘rc h
where Teh is the characteristic heating time defined as ('y—l)up/h in Appendix A.2,

and o is the thermal diffusivity of the gas, which is typically around 51:10-6 m?/s.

For a well-defined adiabatic core, the ratio of thermal boundary layer 8T to
clearance height h should be less than ~ 0.1:
h > 108T
o
u h > 100 — 2.8)
P y-1 (

The order of the longest ignition delay time reported is typically 100 msec or less,
therefore the laminar cooling time should be greater than 100 msec. For the present
design purpose, it is chosen to be 1 sec. With the laminar cooling time defined as
h2/4a in Appendix A.2, the following relation is obtained:

2
T h
lc e

> 1sec (2.9)
Large ratio of laminar cooling to characteristic heating time is also necessary since
the gas should cool down at a much slower rate than it was heated up. This ratio
is chosen to be 1000 to ensure slow cooling.

Tic

> 1000
Tch
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hu (y-1)
—p -

> 1000 (2.10)
4o

2.3.2) corner vortex containment

The corner vortex is a vigorous rotational flow created by a moving piston (see
Appendix A.1), and eahances heat transfer significantly. consequently. As shown
earlier in Table 2.2, the corner vertex is responsible for high heat transfer
characteristics of the earlier RCM’. One technique for dealing with the corner
vortex is to introduce a crevice volume at the perimeter of the piston head in
which it can be contained. The entrance to this crevice must be sufficiently wide
to permit the boundary layer to enter and its cross-sectional area must be big
enough that it engulfs all the boundary layer scraped by a moving piston. The

upper bound of gas swallowed in the crevice is calculated in the following manner:

m _ Ag&pi . 41rbS\/uS/qui
m; ViPi wbz(h+S)pi

A (CR—1)2 / | 4
b CR Vup(CR-l)h

= 4 (2.11)

where As is the cylinder wall area swept by the piston, § is the boundary layer
thickness, mubs is the upper bound of the mass swallowed in the crevice, and mi is
the total initial gas mass. Based on the above relation, the volume of the vortex
containment crevice is calculated as follow assuming that the gas in the crevice is at

wall temperature:

\" m p. m P
cr _ cr - CR ubs i - CR ubs i
Vf V./CR m, p m., P
i i v i f
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where vcr is the volume of the vortex containment crevice (or the piston head
crevice volume) and Py is the density of the gas in the crevice. The calculated
vortex containment volume using (2.12) is 0.527 cm?>, and its detailed shape is
shown in Fig. 2.3. The effect of the vortex containment volume on post-compression
states can be estimated assuming isentropic compression of the core gas in the

following manner:

Py -m | m, y
P, - G0 o p (ke (i)
Pi mb“h/4 6“CR h/4
- P.CR*(1 - an(cr-1)? T ) (2.13)
i b CR Vup(CR-l)h :
pf -1
'rf - Ti( i)
P |
_ y-1,, an(cR-1)2 — 5 7"
T,CR” (1 b CR Ju (CR-1)b’

The above post-compression states should not be very different from what would be
achieved if there were no crevice. Therefore, the quantity in the parentheses of
(2.13) should be close to unity. If a number = .98 is chosen for the quantity in
the parentheses of (2.13), the following relation is obtained:

4h(CR-1)2, v
b CR VuP(CR-l)h

< 1/50

3/2
200h(CR-1) v
b > CR vo o (2.14)
P
2.3.3) temperature uniformity

To obtain uniform temperature in the core temperature region, the temperature

variation produced by sound waves induced by the piston motion should not be
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high. An estimate of this variation is derived in (2.1) by assuming that the local
velocity fluctuation is of the order of piston speed, and for AT < 1 K and T ~
1000 K, the following relation is obtained:

(y-1)u 2

JRT < 1/1000 (2.15)

2.3.4) pre-reaction minimization

The ideal RCM compresses gas instantaneously so that the step change in
temperature and pressure can be achieved, whereas the real one takes a certain
amount of time to compress gas. However, the real RCM can be made close to the
ideal one by minimizing pre-reaction during the compression and by compressing the
gas as rapidly as possible within the stress limitation o° material. Characteristic pre-
reaction time Tpr' which is a measure how much reaction has taken place during
the compression, is defined in Appendix A.2 as follows:

u

= ~ _2 h
Tpr I/Rg (a + (7-1)ﬁf0up

) (A2.5)

where B8 £ is the reciprocal of absolute temperature at the end of compression, and 6
is the activation energy. The above expression has the minimum value for given
values of a and h when:

)1/2

u = (ha/(y-l)BfO (2.16)

P
where  is around 10% K for the typical knock reaction.

2.3.5) dynamic stress consideration
To compress the gas, the piston is accelerated to a certain speed from rest and
then is decelerated back to rest at the end of the compression. For the characteristic

compression time (see Appendix A.2) of the order of 10 msec, the stress level in the



piston is high. The stress is the highest during the piston stopping because of the
short mechanical stopping time (see Appendix A.2) of the order of 1 msec. The
stress consideration in the plane (a) of Fig. 2.4 determines the length L as follows:

prb2La/4 = mwb2Y/4n

L = X (2.17)

pan
where a is the piston deceleration, Y is the yield strength of material, p is the
density of material, and n is the safety factor, which is taken to be S5 since the
stress concentration factor at the cormer is between 2 and 3. The length L should
be long enough to have a compression ratio of 10, which was determined in the
previous section. An excellent choice of material for the piston is an aluminum
alloy since it has the highest Y/p ratio (5x10* m?/s?) among readily available

materials. The shear stress consideration in the plane (b) of Fig. 2.4 also determines

the length [ as follows:

p1rb2(L+l Ja/4 = 4ﬂb[§—n

b 2Y/panb
L= 3 2Y/panb - 1 (2.18)

The piston is stopped by the oil pressure developed in the hydraulic pin and groove
system, of which the stopping area is of the order of 31rb2/4 (see Fig. A.4 for
details). Since this high oil pressure should not exceed the yield strength of

material, the upper bound of the piston bore b is obtained from (2.17) and (2.18) as

follows:
2 2 3mb2 Y
p(wb°L + 47b“l)a/4 < n .
4 _ Y
b 3 pan (2.19)

2.3.6) operation and design map
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Eight conditions (i.e. one equation 2.16 and seven inequalities 2.7, 2.8, 2.9, 2.10,
2.14, 2.15, and 2.19) have been found for the design criteria, and three important
design parameters were identified; they are the piston speec up, the piston bore b,
and the clearance height h. Eight design criteria form two important maps from
which the design parameters of the current RCM is chosen: the operation map (up
vs h map), and the design map (b vs h map). '

The relations (2.7), (2.8), (2.9), (2.10), (2.15), and (2.16) establish a region in a
piston speed vs clearance height plot within which the current RCM should be
operated as shown in Fig. 2.5. The conditions (2.8) and (2.15) are not shown
explicitly in the figure since the former is embraced by the condition (2.10) and the
latter is beyond the window area of the figure. As shown in the operation map of
Fig. 2.5, the piston speed should on one of the minimum pre-reaction lines bounded
by the other criteria. The maximum allowable compression ratio can also be
obtained by combining (2.7) and (2.10), and is 19.

The relations (2.14), (2.16), and (2.19) establish a region in a clearance height vs
piston bore plot as shown in Fig. 2.6. This plot serveci as a guideline to determine
the piston bore b, and it was chosen to be two inches for a standard size.

Basic dimensions chosen for the present machine are summarized in Table 2.3.
They are remarkably close to those of the M.LT. machine designed and operated in

the 1950°s by Taylor et. al. [6]

2.4 Basic configuration of the current RCM

An overall schematic of the machine is shown in Fig. 2.7. The basic design of
the piston moticn control was adapted from the Thornton rapid compression machine
[16], ie. high pressure gas drive, hydraulic speed control, and pin and groove stopping

mechanism. The stationary parts were made from cold-rolled mild steel, whereas the
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two moving parts, the piston and fast-acting-valve, were made from 6061 aluminum
to reduce dynamic stress. Special attention was given to the piston which was
made hollow to reduce its mass and to have uniformly distributed stress throughout
the body.

To cover a wide range of experimental conditions, the rapid compression machine
was designed with easily adjustable stroke, clearance height, piston speed, and initial
charge temperature. The stroke can be varied by turning the stroke adjustment
screw; the clearance height by changing the clearance height adjustment shim shown
in Fig. 2.8; the piston speed by changing the speed control orifice area and the
driving pressure; and the initial charge temperature using an oil bath in the heating
Jacket.

The clearance height is measured using a depth gauge with the accuracy of
1/1000 inch through the gas pressure transducer hole when the piston is at its
lowest position by turning the stroke adjustment screw all the way down. The
desired stroke is set accurately by turning the stroke adjustment screw
counterclockwise, and each turn of the stroke adjustment screw gives 1/12 inch of
stroke since the its threads are 1.5-12UNF. The angle of the stroke adjustment
screw turned is measured using a protractor attached to the stroke adjustment screw
knob. The stroke is checked again against the depth gauge measurement after the
piston is moved to its uppermost position.

The driving chamber volume is made large enough that the driving pressure
does not drop 5 % of the initial driving pressure when the gas in the driving
chamber expands by the piston motion. The maximum driving pressure is limited to
3.45 MPa by material stress consideration.

A detailed drawing of the test chamber and the gas handling system used to

prepare fuel, oxygen, and diluent mixtures is shown in Fig. 2.8. In the test
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chamber, Teflon O-rings were used for all the static seals, and a Viton O-ring with
a Teflon back-up ring was used for th: piston dynamic seal. The piston head was
machined separately from the piston body so that piston heads with the crevice and
without the crevice could be easily interchanged. As explained earlier, the clearance
height could also be changed easily by changing the clearance height adjustment
shim. To eliminate dead volume, a spring loaded poppet valve was used to seal the
test chamber.

Liquid fuel was injected into the machine using a syringe through a rubber
septum of the type used in gas chromatographs. A 300 cc plenum was added to
the filling line so that gas in the filling line was divided equally between the test
chamber and the plenum when new gas was added from the manifold. This helped
to reduce the uncertainty in the mixture composition due to back diffusion of gases
from the test chamber into the filling line. The measured filling line volume was

45 cm® and the gas handling system line volume was 626 cm?>.

2.5 Instrumentation

To calculate the initial mixture compositions, static pressures up to 1000 torr
were measured with an MKS 122A diaphragm absolute pressure gauge with an
accura.y equal to 1 % of the reading. This absolute pressure gauge was calibrated
periodically against a thermocouple vacuum gauge after evacuating the system less
than 100 millitorr.

Dynamic pressures were measured using two Kistler 613 piezoelectric transducers
located as shown in Fig. 2.7. One of these was used to monitor the oil pressure in
the speed control chamber and provided information about the piston motion

especially the starting and stopping time. The other which was coated with RTV to
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reduce thermal sensitivity was used to measure the gas pressure in the test chamber.
This pressure transducer is out of plane in Fig. 2.8.

All dynamic pressure transducers were calibrated against a dead weight tester
and checked at periodic intervals. Fig. 2.9 shows a typical pressure transducer
calibration curve. Charge amplifier output voltages were recorded as weights were
added until the charge amplifier was saturated and as weights were removed until
pressure became back to zero gauge pressure. The measured voltages were curve-
fitted to a first order polynomial. The characteristic of the piezoelectric pressure
transducer was linear as shown in the top plot of Fig. 2.9, and the departure from
this linear fit was less than 0.1 % as shown in the bottom curve of the figure.
This linear fit was used to convert charge amplifier output voltages to pressures.
Periodic calibrations of the pressure transducers showed that the characteristic of the
pressure transducer does not change with time.

The initial charge temperature was measured using a thermocouple located 1
mm below the test chamber as shown in Fig. 2.8. The o0il temperature in the
heating jacket is also measured to check the initial temperature uniformity of the
test gas.

All data were recorded using a Transiac 2815 12-bit digitizer cortrolled by a
DSP 4012 controller connected via Camac Crate to a VAX 11/750 host computer
system, and the data were processed by a VAX 11/750 computer.

Time available for the measurement was usually of the order of 100 msec, and
the synchronization of the data acquisition system ﬁnd the RCM operation was
critical to record the pressure rise in the test chamber with the limited memory
capacity on the data acquisition system. The general layout of the timing circuit
that synchronizes the start of data acquisition and the opening of the solenoid valve

which starts the piston is shown in Fig. 2.10. Since the solenoid valve with a



- 29 -

1000 psi working pressure only operates on an alternating current, the 120 volt
sinusoidal wave was converted to a TTL square wave and fed into the logic circuit
so that the opening of the solenoid valve can be initiated at the same location on a
120V sinusoidal wave. The relay enable signal (RENABL) from the logic circuit
was then sent to th. relay circuit, which drives the solenoid valve to start the
piston motion in RCM. The DHI signal from the timing circuit was also sent to
the stop-trigger of the DSP 4012 controller in the data acquisition system to start
the data record. The relay enable signal (RENABL) was delayed relative to the DHI
signal by an amount set by the external clock rate (CLK) and the DCI 324 counter
front panel settings so that the opening of the solenoid valve could be varied
relative to the start of the data record. The detailed circuit diagrams for the timing

circuit components are given in Appendix A.6.

2.6 Plumbing and operating sequence

All the oil liues of the current RCM’s plumbing are shown in Fig. 2.11. The
high pressure oils were supplied to the machine from the high pressure oil tank of
200 cm®. To heat up the initial test gas, hot oil heated by the oil heater and
contrclled by a temperature controller was circulated through the heating jacket.
Maximum oil temperature (or equivalently maximum initial test gas temperature)
was limited to 100° C due to the temperature resistance of O-ring materials. The
valve-locking high pressure oil was relieved by the solenoid valve to the oil tank to
start the operation of the RCM. Also shown in Fig. 2.12 are all the gas lines of
the current machine’s plumbing. Driving gas was prepared using a high-pressure air

compressor, and other high pressure gases were supplied from 3000 psi N, bottles

2

through a series of pressure regulators. High pressure gases were vented down to

atmospheric pressure through the muffler to the trench, then the RCM was pumped
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out by a vacuum pump through the oil trap to avoid any harmful effect of the
hydraulic oil to the vacuum pump. The selection between the vent and the vacuum
was made using the three-way valves.
The basic operating sequence of the machine is shown in Fig. 2.13 as follows
(numbers in the parenthesis correspond to numbers in the figure):
(1) from the previous rua, the piston is down and the valve is up;
(2) move the piston and the fast-acting-valve up by pressurizing the oil
reservoir with 50 psi N2;
(3) move the fast-acting-valve down by pressurizing the gas charaber above it
with 100 psi N2;
(4) lock the fast-acting-valve in position with tﬁe valve-locking high pressure
oil;
(5) lock the piston in position by pressurizing the speed control chamber with
the piston-locking high pressure oil;
(6) pressurize the driving chamber with a high pressure air;
(7) vent the oil reservoir and the gas chamber above the fast-acting-valve;
(8) fire the machine by opening the solenoid valve to relieve the fast-acting-
valve locking pressure.
After this sequence, the fast-acting-valve is driven up by the piston locking pressure
and the piston is driven down by the driving pressure. Toward the end of the
stroke, the piston is slowed down by the stopping pin and groove mechanism [16].
In Table 2.4, the relation among the driving pressure, the piston-locking pressure, and
the valve-locking pressure are given. The above sequence does not include mixture
preparation which will be explained later in detail in conjunction with primary

reference fuel experiments.
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2.7 Simulation of RCM dynamics and optimal stopping ‘p'm shapes

The dynamics of the piston and the fast-acting-valve were simulated using a
one-dimensional inviscid fluid model. Even though the equations derived in
Appendix A.3 include lumped viscous effects using discharge coefficients and loss
coefficients, they were set to ideal values, ie, 1’s and O's for the present calculation
since they were unknown. For the stroke of 7.84 cm, the clearance height of 0.6
cm, the speed control orifice area of 6.91 cm?, and the driving pressure of 2.07
MPa, the displacements of the piston and the fast-acting-valve are shown in the top
graph of Fig. 2.14. Also shown in the bottom graph of Fig. 2.14 are the
corresponding speeds as a function of time. The bottom graph shows that the piston
is accelerated in 2 msec; it maintains almost constant speed for the most part of the
compression stroke; and it stops in 0.5 msec by the stopping pin and groove
mechanism. The compression time was calculated to be around 8 msec, but as will
be seen later in Chapter 3, the measured compression time is around 15 msec at the
same operating conditions due to the viscous behavior of the hydraulic fluid. In
Chapter 3, the discharge coefficients and loss coefficients will be adjusted to non-
ideal values to accommodate this non-ideal behavior of the hydraulic fluid so that
the calculated compression time matches with the measured one.

To obtain minimum stresses in moving parts, constant decelerations were
required during their stopping. The optimal shape of the piston stopping pin which
gives a constant deceleration was calculated using (A3.17) and (A3.20) as shown in
Fig. 2.15 (see Fig. A.4 for the definition of (Z) and Z). Th: same pin and groove
stopping mechanism was used for the fast-acting-valve stopping, and the optimal
shape of the valve stopping pin was also calculated using (A3.14) and (A3.16) as
shown in Fig. 2.16 (see Fig. A.3 for the definition of r(Z) and Z). These pin

shapes were machined carefully with precision, and used in actual RCM operation.
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CHAPTER 3

RCM PERFORMANCE TEST WITH INERT GASES

Preliminary tests were conducted with inert gases to check the performance of
the RCM and to determine its heat transfer characteristic. Clean gas pressure traces
were recorded with little mechanical vibration. It was found that the oil pressure
measurcment from the speed control chamber provided an easy way to detect the
piston motion. For the piston head with the corner vortex crevice, measured post-
compression pressure agreed with pressure calculated assuming flow is laminar and
the cooling rate of the test gas after compression wa< reduced, indicating that the
corner vortex was successfully captured in the piston head crevice volume. The
discharge coefficients and the loss coefficients of the RCM dynamic simulation model
derived in Appendix A.3 were adjusted so that predicted compression times agree
with measured ones. Laminar heat transfer model was deveioped to calculate the
piston motion from the measured gas pressure, and the piston motions from two
models, i.e., from the RCM dynamic simulation and from the heat transfer analysis
agreed well.

These inert gas tests provide evidence that the RCM is operating properly and
that the gas condition in the test chamber is consistent with expectation based on

laminar theory.

3.1 Typical Pressure Traces

Fig. 3.1 shows the gas pressure of the test chamber and the oil pressure of the
speed control chamber measured simultaneously. Using the oil pressure record, the
information about the piston motion was obtained. At the point (1) of the figure,

the valve-locking pressure was relieved by opening the solenoid valve. The oil
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pressure of the speed control chamber (the piston-locking pressure) dropped slowly
until the point (2) of the figure, at which the force acting on the piston by the oil
pressure became the same as that acting by the driving pressure. After the point
(2), the forces acting on the piston became unbalanced and the piston started to
move by the high pressure driving force. Just before the point (3), the piston began
to be decelerated by the stopping pin and groove mechanism. The piston came to
rest at the point (3), which exactly matches with the peak pressure location of the
gas pressure record. The fast-acting-valve motion can not be described directly from
the measured oil pressure, and will be explained later in Fig. 3.4.

During the compression, the oil pressure oscillates at a frequency of 500 Hz.
This oscillation can be explained by the spring effect of the hydraulic oil, and the
detailed observation of this oil pressure oscillation is given in Appendix A.S.

Two small-amplitude oscillations were added to the gas pressure at the location
{(4) and (5) of Fig. 3.1 with frequencies of around 4 KHz. The vibrational signal
of the same frequency recorded from the gas pressure transducer when the RCM
was hit by a hammer is shown in the bottom graph of Fig. 3.2. Also shown in
top graphs of Fig. 3.2 are the magnified views of (4) and (S) in Fig. 3.1. Since all
three have the same frequencies of 4 KHz, the oscillations added to the gas pressure
record are believed to be mechanical vibrations. It is also believed that the first one
was due to the fast-acting-valve stopping; the second one was due to the piston
stopping. The delay of around 5 msec of the second vibration from the peak
pressure location of the gas pressure (or equivalently the piston stopping) in Fig. 3.1
would be too long if the RCM body were 100 % pure metal since the delay of 5
msec requires a length scale of 25 m. An explanation for this long delay is that
gaskets and O-rings between parts of the RCM slowed down the transmission of

vitrational signals. |
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3.2 Compression Time and Mean Piston Speed

Fig. 3.3 shows an overlay of two pressure traces from consecutive runs with
pure N2 at the same operating conditions. Time '0’ was set to be the inflection
point (or the steepest slope point) during the compression stroke since it is well-
dcfined. This time shift is useful in measuring ignition delay times as will be seen
in Chapter IV. The machine’s performance was repeatable since the two pressure
traces followed each other exactly. The compression time, 'rc, is defined to be the
time between the piston start and the piston stop, and is measured to be 16 msec
from the oil pressure record. The effective compression time, L is defined as the
time between the peak pressure location Tp and the intersection of the steepest slope
line with initial pressure, and is 3 msec. Since the temperature rises most rapidly
at the end of compression, the effective compression time should be compared with
the ignition delay time, and is of the same order as the shortest total ignition delay
time measured.

To check the performance of the RCM, the compression times 'rc were measured
by varying the stroke, the driving pressure, and the speed control orifice area. It is
observed that the compression time is a function of the stroke S, the driving
pressure P ¢ and the speed control orifice opening area Ao as shown in Table 3.1.
The dependence of the compression time on these three variables is consistent with
expectation (see the bottom of Table 3.1) from the design consideration; the
compression time is shorter with the shorter stroke, the higher driving pressure, and
the the larger speed control orifice area. The mean piston speed up is defined as
the ratio of stroke to compression time, and is given in the last column of Table
3.1. It is also observed that the mean piston speed is a function of the same
dependence. The dependence of the mean piston speed on stroke is found to be

weak, indicating that the acceleration and the deceleration of the piston occupy a



smail fraction of the total compression time and that the piston travels at a
constant speed for most part of compression stroke.

The discharge coefficients and the loss coefficients in the RCM dynamic model
developed in Appendix A.3 (see also Fig. A.2 for the definitions of C d's and k’s)
were adjusted by trial and error so that predicted compression times agree with
measured cnes. A set of discharge coefficients and loss coefficients which gives a

reasonable agreement between the measured and the predicted compression times is as

follows:
Cd3 = 0.65 Cd4 = 0.75
-3
kl = 150 k2 = 0.8x10 k3 = 50

A typical piston and fast-acting-valve motion calculated using the above numbers is
shown in Fig. 34. Comparison of this figure with Fig. 2.14 which was made with
ideal values for C d's and k’s shows that the compression time is doubled due to
viscous effect of the hydraulic oil. The compression times for various operating
conditions were calculated using the above C d's and k’s and compared with the
measured ones in Fig. 3.5. The points are close to a 45° line showing that the

current RCM dynamic model predicts the compression time well.

3.3 Effect of Piston Head Crevice on Heat Transfer

The upper part of Fig. 3.6 shows two pressure traces for piston heads with and
without the crevice with all other operating conditions kept same. Due to the
crevice volume, the peak pressure for the piston head without the crevice is slightly
higher than that for the piston head with the crevice, but the pressure drop rate
after compression is faster. Isentropic pressures for both cases were calculated using
geometric compression ratios, and are shown by lines (1) and (2) in the figure. The

corresponding isothermal pressures defined as P, x CR are shown by line (3) and (4)
g i
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and the initial pressure by lines (5). It can be seen that the measured post-
compression pressures are significantly less than the ideal isentropic pressures and
that the percentage discrepancy is less for the piston with the crevice. As will be
scen below these departure can be attributed to the effects of boundary layers and
the corner vortex.

Peak pressuies are compared with various calculated pressures on a shorter time
scale in the lower part of Fig. 3.6. Line (6) shows the isentropic pressure ror the
piston without the crevice corrected for the effect of tile wall boundary layers using
the displacement thickness calculated from the measured pressure tra.es assuming
laminar flow [22]. It can be seen that the calculated pressure is stiil much higher
than the measured peak pressure and the difference is attributed tr the effect of the
corner vortex. Line (7) shows the pressure calculated for the riston head with the
crevice neglecting the boundary layers but assuming that the gas in the crevice is
compressed isothermally while that in the test chamber is compressed isentropically.
Finally line (8) shows the pressure calculated again assuming isothermal crevice but
including the effect of the wall boundary layers in the test chamber. This matches
the measured peak pressure almost exactly indicating that for the piston head with
the crevice the flow was laminar and the cormer vortex was successfully captured
in the crevice. The slower pressure drop rate after compression for the piston head
with the crevice also indicates that the crevice was successful in reducing heat
transfer by suppressing the growth of the corner vortex.

Fig. 3.7 shows the measured peak pressures at various operating conditions and
the corresponding predicted peak pressures from the laminar theory. The predicted
peak pressures for the piston with the crevice were calculated the same way as the
line (8) of Fig. 3.6; those for the piston head without the crevice were the same

way as the line (6) of Fig. 3.6. The measured peak pressures for the piston head
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with the crevice match well with the predicted peak pressure from the laminar
theory, while those for the piston without the crevice are lower than the predicted
ones. This observation re-assures that for the piston head with the crevice the flow
was laminar and the corner vortex was successfully captured in the crevice. This
also agrees qualitatively with Lyford-Pike's experimental observation that a bigger
piston head crevice in an engine delays the onset of corner vortex formation during
the compression stroke [26).

In the above discussion, the effect of O-ring pack dead volume shown in Fig.
3.15 was not taken into account. The gas flow into the O-ring pack dead volume
during the compression and out of it after the compression is also important, but
due to the uncertainties in estimating the dead volume its effect was not explicitly
included in the discussion. The detailed discussion of the O-ring pack will be given

later in section 3.5.

3.4 Piston Motion Calculation from Gas Pressure Record‘

The laminar heat transfer model for the piston with the crevice was developed
in Appendix A.4, which yields the piston displacement and the amount of heat
transfer to the surroundings from the measured gas pressure. Since the model
involves differentiation of the pressure as in (A4.1), the measured pressure was first
filtered and fed into the model. The filtered pressure using a finite impulse
response (FIR) equi-ripple optimal low pass filter [27] and the raw measured pressure
are shown in ¥ig. 3.8. The effect of filtering was to remove the vibration and the
general shape of pressure trace was not changed. Using this filtered pressure, the
thermal displacement thickness was calculated as shown in Fig. 3.9. It can be seen
that the thermal displacement thickness decreases near the end of compression due to

high pressure rise rate, and that it increases again when pressure rise rate drops due
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to the piston stopping. An application of (A4.3) gives the piston displacement as
shown in Fig. 3.10, and the piston displacement matches with the stroke at the end
of compression. In Fig. 3.11, the voiume ratio calculated from the piston
displacement was compared with the effective compression ratio calculated from the
measured pressure, where the effective compression ratio was defined as:

dF (3.1)

g~/

P 1
CR.¢ = expl ]p y
i
where CRef is the effective compression ratio, and 7y is the specific heat ratio.
When 7y is a constant, the above equation can be simplified as:

1/
CR . = (P/Pi)

The difference of two curves in Fig. 3.11 is due to the heat losses of the test gas

(3.2)

to the surroundings. The accumulated heat losses calculated using (A4.4) are shown
in Fig. 3.12. When the core gas temperature was relatively low ,i.e., when the
mass of gas in the crevice volume is small compared to that in the test chamber,
the heat loss through the boundary layer was bigger than that through the crevice.
Toward the end of compression when the mass of gas in the crevice volume is large
compared to that in the test chamber, the heat loss through boundary layer became
smaller than that through the crevice.

The piston motion calculated using the heat transfer model was compared with
that from the RCM dynamic simulation. In Fig. 3.13, the piston motions calculated
from both models were superimposed on each other, and they are close to each other
except that the piston speed calculated from the heat transfer model shows
oscillation. The cause of this oscillation will be discussed in Appendix A.S, and is
found to be the spring effect of the hydraulic oil. The isentropic pressure based on
the piston displacement calculated from the RCM dynamic simulation was compared

with the measured pressure as shown in the top graph Fig. 3.14. Also the volume
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ratio calculated the same way as in Fig. 3.11 are shown in the bottom graph of
Fig. 3.14. Once again the differences among curves in Fig. 3.14 can be attributed to

the heat losses as explained earlier in conjunction with Fig. 3.11.

3.5 O-ring Pack and Dead Volume

The O-ring pack dead volume is estimated assuming that the cross-sectional area
of the O-ring remains the same when it is squeezed between the groove and the
liner and that the cross-section of the O-ring becomes an ellipse when it is squeezed
as shown in Fig. 3.15. The dead volume of O-ring pack is estimated around the
half of the piston head crevice volume, and the gas flow into and out of the O-
ring pack dead volume, therefore, can be important for the cetailed flow calculation.

The O-ring floats inside the groove depending the pressure forces acting on it.
When the pressure in the test chamber is higher than that on the the other side of
the O-ring at the end of compression, the O-ring is pushed away from the test
chamber to form a dead volume for the gas as shown in Fig. 3.15, which was
initially '0’ when the oil pressure in the speed control chamber is higher than the
gas pressure in the test chamber.

The thermal displacement thickness shown in Fig. 3.9 is the same order of
magnitude as the clearance gap between the piston and the liner (around 1/10 mm).
Instead of forming a corner vortex by the moving piston, the boundary layer can be
sucked into this dead volume during the compression. It is also suggested that the
temperature of the gas in the piston head crevice is higher than the wall
temperature to explain small post-compression pressure differences for the piston head
with and without crevice as shown in Fig. 3.6; and that the shape of the piston

head crevice volume acts as a barrier when the cold gas comes out of the O-ring
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pack dead volume to explain faster pressure drop rate for the piston without a
crevice.

To explore these possibilities, the measurement of the O-ring pack dead volume
should be first carried out using a transparent liner. The possible solution to reduce
the dead volume can be either to reduce the width of the O-ring groove so that O-

ring does not float in the groove; or to use a rectangular metallic ring made out of

soft material.
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CHAPTER 4

IGNITION DELAY MESUREMENTS FOR PRIMARY REFERENCE FUELS

Throughout the primary reference fuel experiments, the piston head with the
crevice was used 0 reduce heat transfer. The other operating conditions which were
kept constant are as follows:

stroke : 9.51 cm

clearance height : 0.615 cm

driving pressure : 2.07 MPa

speed control orifice area : 10.58 cm2
Before attempting to measure ignition delay times, careful studies were made to
ensure reliable and repeatable results. O-ring with the least absorptivity for
hydrocarbons was selected and the time to reach saturation was measured. Filling
and purging procedures were developed to eliminate carry-over of combustion
products from previous runs which were found to affect the delay time

measurements. Finally a well-defined set of definitions was introduced for the

ignition delay times.

4.1 O-ring Absorption Studies

It is known tha’ many O-ring materials absorb hydrocarbons, therefore Teflon
O-rings were used for all seals on the test chamber since it was found that Teflon
has the least absorptivity for hydrocarbons. There were places, however, where
Teflon O-ring could not be installed due to its stiffness, and Viton O-rings covered
with Teflon back-up rings were used in these places as shown in Fig. 2.8. The O-
ring material "Kalrez" by Du-Pont was claimed to be as elastic as Viton and as

chemical-resistant as Teflon, but there was not enough information about the
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absorptivity and Kalrez O-ring was too costly (usually $100 for a small piece of O-
ring) at the time of the experiment.

Fig. 4.1 shows the test chamber pressures as a function of time after filling
with various gases. For inorganic gases like N2 an(i 02, the pressure remained
constant for 20 minutes indicating that there was neither leakage nor absorption.
For fuels such as normal-heptane and iso-octane, however, the pressure dropped
exponentially with a time constant of approximately 5 minutes to an asymptote
where the O-rings are believed to be saturated with hydrocarbons. No significant
change in pressure was observed after 10 minutes. Therefore, ten minutes, was
determined to be a suitable waiting period for O-ring absorption saturation. As can
be seen in Fig. 4.1, the pressure curves for normal-heptane and iso-octane are almost
identical and the difference in peak pressures of two pressure traces is the same as
that in the pressure asymptotes after 20 minutes. This is consistent with the fact
that the absorption of homologous hydrocarbons such as Alkanes is the same.

It is also important to check that the vapor pressure of liquid fuel is high
enough at the temperature the fuel is injected to ensure all the liquid is evaporated.
For example, at an initial pressure of 1000 torr, an equivalence ratio of 1, and a
dilu,cnt/O2 ratio of 3.77, the partial pressures needed for iso-octane and normal-
heptane are 16.8 torr and 19.0 torr respectively, and their vapor pressures at 300 K

are 54.3 torr and 50.6 torr [28].

4.2 Filling and Purging Procedures

Initial mixture homogeneity and quiescence in the rapid compression machine
must be achieved to ensure reliable and repeatable results. Any species left from
the previous run should be purged so that an experiment is independent of the

previous run.
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The following steps were performed for each run:

(1) evacuate the system to a pressure less than 100 millitorr;

(2) inject fuel through the injection septum, and wait for 10 minutes for O-
ring absorption saturation;

(3) feed O2 and diluents, and wait another 10 minutes for mixture
homogeneity;

(4) fire the rapid compression machine;

(5) reset the rapid compression machine;

(6) evacuate the system;

(7) purge the system with O,, and evacuate the system;

oy
® purge the system with N2. and evacuate the system;
(9) feed the system with air, wait 10 minutes for any remaining species to
diffuse into the air, and evacuate the systcm;'
(10) prepare for the next run, ie. go to step (2).
The steps (1) to (4) in the above sequence are graphically shown in Fig. 4.2. To
minimize temperature overshoot and avoid any pre-reactions when various gases were
admitted to the test chamber in step (3), they were fed in very slowly by slightly
opening the valve connecting the test chamber and the gas manifold. The gas
manifold pressure, before admitting gas into the test chamber, was set so that the
pressure in the test chamber had the desired value when the two pressures
equilibrated at the end of the feeding procedure for each gas.
The order of feeding O2 and diluents was changed' to see if the initial mixture
homogeneity was achieved, and it was found that the change of feeding order did

not have any effect on the experimental results as long as the 10-minute waiting

period for the mixture homogeneity was observed.



The repeatability of primary reference fuel experiments was checked with the
above filling sequence to ensure reliable data since it is known that the repeatability
of ignition delay measurements in previous rapid compression machines has been poor.
Three consecutive runs at the same operating conditions are shown in the top graph
of Fig. 4.3. It can be seen that the post-compression pressures are identical but that
the ignition delays decreased with increasing run number. This indicates that even
though the system was purged three times after each run, there were still species
left in the test chamber from the previous run.

To reduce the residual species from the previous run, a new purging procedure
was added which involved making a dummy run with pure O2 before each
measurement run. The bottom graph of Fig. 4.3 shows three consecutive runs made
at the same operating conditions after making runs with pure O2 before each run.
The measured ignition delays are ro longer ordered and are within 5 % of each
other. Also the average value is the same as that for the first run in the top
graph. To check whether the effect of the O2 run s to dilute or to burn up
active species left in the test chamber from the previous run, O2 was substituted
with N2 and the ignition delays were measured as a function of the run number.
It was fouud that the ignition delays decreased as the run number increased with
the N2 run between measurement tum. It is believed that the cffect of the 02 run
before each primary reference fuel experiment is to burn up active species adsorbed

on the test chamber walls.

4.3 IGNITION DELAY MEASUREMENTS
All the experiments were conducted at an equivalence ratio of 1.0. A mixture
of N2 and Argon was used for the diluents to change the post-compression

temperature, and the diluent to ()2 ratio was 3.77. The initial charges were at
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room temperature (23° ~ 27° C). Five primary reference fuels (ON = 100, 90, 75,
50, and O) were investigated at two initial pressures (500 torr and 1000 torr) and
at three N,/diluent ratios (0.5, 0.7, and 1.0).

Pressure records for different primary reference fuels are superimposed on each
other at three different N2/diluent ratios in Fig. 4.4 through Fig. 4.6 for the initial
pressure of 500 torr. Also shown in Fig. 4.7 through Fig. 4.9 are pressure records
for the initial pressure of 1000 torr. The core temperatures were calculated in two
ways, and are given on the right ordinate of the figures. Before there is appreciable
heat release by reactions, as in the region marked As=0 in the figure, isentropic
relations based on measured pressure ratios were used to calculate core temperature.
Even though a variable specific heat ratio was uséd for the core temperature
calculations, average specific heat ratios are also given in the figures for reader’s
convenience. When there is appreciable chemical heat release as in the region
marked Av=0, it is assumed that the boundary lzyer heat loss is sufficiently small
so that a constant volume condition can be used to calculate core temperatures.

The curves in Fig. 4.4 through Fig. 4.9 show the well known two stage
ignition typical of hydrocarbon oxidation in the temperature and pressure range
investigated. They can be used to provide a critical test of kinetic models [1,29] of
this process.

The definitions of ignition delay times have been unclear and inconsistent in the
previous literature. The definitions used in the present study are as follows:

(1) first-stage ignition delay (7 X

time between the intersection of the steepest slope with the post-
compression pressure and the inflection point in the pressure step during
first-stage ignition;

(2) second-stage ignition delay (r,)



time between the inflection point in the presﬁre step and the point during
explosion where core temperature is 1100 K;

(3) total ignition delay ('rt): sum of 7, and 7,

The above definitions are shown in Fig. 4.4. The rational for choosing 1100 K as
the explosion temperature was that the slope of the pressure was so steep during
explosion that there were no differences in ignition delay time measurements when
any higher temperatures were used.

The measured total ignition delay times 7 ¢ defined above are shown on an
Arrhenius plot in Fig. 4.10. It is clearly seen that the total ignition delay increases
with increasing octane number. It is also seen that ignition delay is not a linear
function of octane number and that most of change in ignition delay occurs in the
range from octane number 100 to S0. The temperature effect on total ignition
delay is monotonic for the experimental range covered and the total ignition delay
decreases with increasing temperature. The total ignition delay decreases as the
initial pressure increases even though it is not completely rigorous to compared
ignition delays at slightly different post-compression temperatures since the post-
compression temperature at 500 torr initial pressure is slightly lower than that at
higher initial pressure at the same Nz/diluent ratio.

The total ignition delay times normalized by those of iso-octane (ON = 100) are
shown as a function of the octane number in Fig. 4.11. The normalized ignition
delay times fall most rapidly between ON = 100 and 50 as observed in the
discussion of Fig. 4.10. The total spread from ON = O to 100 increases as the
initial pressure (or density) decreases and decreases as the temperature decreases.

The measured second-stage ignition delay times, T, are shown in Fig. 4.12.
Only values larger than 10_1 msec are shown because smaller values could not be

measured accurately. For the second-stage ignition delay times less than 10-1 msec,
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the pressure step between the first-stage and the second stage ignition was so masked
by the pressure waves due to high heat release as shown in Fig. 4.13 that a
question abcut the existence of two-stage ignition was raised. Based on the
measurable second-stage ignition delay times, it can be seen that the second-stage
delay time is a weak function of temperature but increases as the octane number
increases and decreases as the iuitial pressure (density) increases. It can also be seen
from a comparison of Figs. 4.11 and 4.12 that for the temperature and pressure
range investigated, the second-stage delay time is small compared to the total delay
time so that most of the delay is due to the first-stage reactions.

The pressure rise during the first-stage ignition, AP is defined as the difference
between the minimum pressure after compression and the pressure at the inflection
point in the pressure step as shown in Fig. 4.5. The pressure rises were measured
only when the second-stage ignition delays could be measured as explained above,
and are shown in Fig. 414. It can be seen that the pressure rise is lower for the
lower initial pressure and for the higher octane number. It can be also seen that
the total spread of the pressure rise increases slightly as the temperature increases,

indicating that the temperature dependence on the pressure rise is weak.

4.4 Comparison with Existing Data

Current measured ignition delays were compared with existing data. For iso-
octane, data have been reported by Halstead et. al. [7] and Taylor. et. al. [6]. For
normal-heptane, the data available were by Taylor et. al. [6] and Rogener’s
correlation [15].

In their original paper, Halstead et. al. used average temperatures, and they were
converted to core temperatures by Hu and Keck [1] using the pressure data provided

by original investigators. There were, however, no original pressure data available
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for Taylor’s data, and isentropic temperatures were calculated based on geometric
compression ratios provided in the paper. For Rogener’s correlation, it was not
explicitly stated in the paper how the post-compression pressure and temperature
were measured to make the correlation.

In Fig. 4.15, current iso-octane data along with Halstead’s and Taylor’s data are
shown on an Arrhenius plot. Even though Halstead’s data were taken at an
equivalence ratio of 0.9, they are included since it w#s reported by Taylor et. al.
that the effect of equivalence ratio on ignition delay in the vicinity of equivalence
ratio 1 was weak for iso-octane. Halstead’s data show that the ignition delay time
increases as the initial pressure increases, agreeing qualitatively with current data.
The quantitative comparison, however, shows that the temperature dependence does
not match. Taylor’s data taken at equivalence ratio 1 with varying compression
ratio would match well with the current data if the temperature were true core
temperature. The discrepancies can probably be attributed to the difficulty of
determining the core temperature in the previous experiments from the available
data. As shown earlier in Table 2.1, the Thornton RCM for taking Halstead’s data
was characterized by high heat transfer due to large corner vortex size, yet their
measured post-compression pressures were very clore to ideal isentropic pressures or
sometimes higher. It is believed that their pressure measurements were unable to
determine core temperature due to high mechanical vibration as shown in Fig. 2.1.

Fig. 4.16 shows the current normal-heptane data along with Taylor’s data and
Rogener’s correlation. All three sets of data show the same temperature dependence
but the curves are shifted relative to one another. Once again this can probably be
attributed to errors in determining the core temperature.

The data taken from the current RCM when the purging with 02 preceding

run was not known are shown in Fig. 4.17, and this set of data match quite well
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with the Rogener’s correlation both qualitatively and quantitatively. This fact raise
a question about proper purging procedures in measuring some of existing data.

The most likely source of error in previous works is the failure to take into
account the effects of the corner vortex which was unknown at the time the work
was done. Another source of error is the failure to use adequate purging procedures
to eliminate run-to-run interference. The uncertainties in core temperature give the
horizontal shift of curves on an Arrhenius plot like Fig. 4.16, and the run-to-run
interference of active species gives the vertical shift of curves on an Arrhenius plot.
The quantitative disagreement of three sets of data in Fig. 4.16 can be explained by
the combined effect of these horizontal and vertical shift.

Since the design objective of having a well-defined uniform core gas region was
achieved by incorporating the piston head crevice volume as explained in Chapter III;
the O-ring absorption study allowed the accurate determination of initial charge
compositions; and the 02 dummy run between measurement runs made the ignition
delay measurements repeatable, it can be said that the current ignition delay
measurements are the most accurate. The previous ignition delay measurements
should be carefully re-evaluated due to difficulties in determining core temperature

and possible run-to-run interference of active species adsorbed on the wall.
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CHAPTER $§

SUMMAEY AND CONCLUSION

A rapid compression machine designed for the study of chemical kinetics has
been developed. Tests with inert gases show that the flow was laminar and the
corner vortex was captured in the piston head crevice. They also strongly suggest
the existence of a well-defined adiabatic core gas the temperature of which can be
accurately determined from the pressure records. Using this facility, ignition delay
measurements have been made with homogeneous fuel/oxygen/diluent mixtures for
five different normal-heptane/iso-octane mixtures with octane numbers of 100, 90,
75, 50, and O at two initial pressures.

On the basis of the observations, the following conclusions can be drawn for
the experimental range covered:

(1) Incorporation of a piston crevice volume helps to suppress the wall vortex

and reduce cooling rates;

(2) The O-ring absorption study allowed the accurate determination of initial
charge compositions;

(3) The repeatability of primary reference fuel experiments was achieved by
using a dummy O2 run between measurement runs, and measured ignition
delays were repeatable within 5 percent;

(4) Ignition delays are a nonlinear function of octane number showing little
change from O to 50 and most change from 50 to 100;

(5) The first-stage ignition delay is a strong function of temperature, but the
second-stage ignition delay is a weak function of temperature;

(6) At lower initial pressure, the ignition delays are longer and more widely

spread with octane numbers;
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(7) The current rapid compression machine is a reliable tool for the study of
autoignition under well defined conditions;
(8) The present results should be valuable for critical testing of kinetic models
of hydrocarbon oxidation.
Knocking in an SI engine typically occurs around 1000 K, and further studies
at higher temperatures are needed to draw any general conclusions about ignition

delay behavior of primary reference fuels.
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Table 2.1 Review of Recent RCM's

piston compression driving stopping
reference |speed max | ratio and bore catagory
(m/s) adjustment mechanism | mechanism
Taylor, impact ring gas
CF.(MIT) 15 thickness 2" pneumatic | cushion c
(6] change chamber
Schmidt, 60 . 3.15" | pneumatic | plastic .
F.AF[11] deform
Hee Lum « . . pneumatic | same as c
Ng [12] above
Jost, « . N pneumatic | recoil c
w. [13] mass
Voinov, cylinder 101.6 hydraulic
AN. 25 head mm| pneumatic | pin and c
[14] change cross bar
Rogener, 10 max 15:1 * pneumatic | recoil c
VH. [15] mass
Affleck, 17 71 - 10:1 3.81 pneumatic | hydraulic c
waS. [16] cm pin
Rogowski, head snubbing
AR. (MIT) 20 plate 4" pneumatic chamber e
(17] change
Beeley, 10 114 1.86 pneumatic | hydraulic c
P. [18] cm pin
Ikegami, 100 6 Scm | pneumatic | plastic e
M. [19] deform
Hayashi, 2.3 75 85 electrohydraulic e
T. [20] cm servo system
Ohta, 5.6 6 6.5 pneumatic |mechanical c
AK. [21] cm impact
current 10 51 - 171 2" | pneumatic | hydraulic c
RCM pin

e : engine-biased RCM
c : chemistry-biased RCM

* : information unavailable
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RCM'S Taylor,C. |[Affleck, Beeley, Oktta, current
F. [6] |ws.[16] |p. [18] |AK. [21] RCM
date 1950 1969 1979 1983 1988
number of cylinder 1 2 1 1 1
driving mechanism pneumatic |pneumatic |pneumatic |pneumatic |pneumatic
speed control inertia hydraulic |hydraulic inertia hydraulic
gas hydraulic (hydraulic |mechni- hydraulic
stopping mechanism cushion pin pin cal pin
chamber impact
compression time (ms) 5 6-10 20 25 15-18
bore (cm) 5.08 3.81 45 6.5 5.08
clearance height (cm) 5-1.3 3.81 1.86 2.8 0.6-2
stroke (cm) 7.62 11-17 19.4 14 5-10
compression ratio 7-16 7-10 114 6 3-17
avg piston speed (m/s) 15 17 10 5.6 7
temperature variation 2.6E-4 4.4E-4 1.5E-4 0.5E-4 0.5E-4
thermal boundary 0.07 0.12 0.15 0.25 0.08
layer thickness (mm)
measured cooling time 200 100 100 * 300
(ms)
calculated cooling time 590 900 870 1130 360
(ms)
measured cooling time 0.34 0.11 0.12 * 0.83
/calculate cooling time
curner vortex diameter 0.65 0.79 0.84 1.13 suppre-
(cm) ssed
2 * corner vortex 0.26 0.41 0.37 0.35 suppre-
diameter / bore ssed
operational no yes yes yes yes
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Table 2.3 Design Parameters for Current RCM

test chamber bore 508 cm b
driving chamber diameter 10.16 cm B
piston length 17.21 cm Lp
piston mass 0.969 Kg Mp
stopping pin length 0.127 cm lsp
corner vortex crevice volume 0.527 cm3 Vcr
clearance height 06 - 2 cm h
maximum stroke 1092 cm S
maximum driving pressure 3.45 MPa Pd
max speed control orfice area 14.19 cm2 Ao
maximum piston speed 10 m/s up
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Table 2.4 Driving Pressures and Oil Pressures

: Unit = psi (MPa)

Driving Pressure ngn;?:il:f VSI.J e;fm
100 (0.69) 150 (1.03) 250 (1.72)
200 (1.38) 300 (2.07) 450 (3.10)
300 (2.07) 450 (3.10) 650 (4.48)
400 (2.76) 600'(4.14) 900 (6.21)
500 (3.45) 700 (4.83) 1000 (6.89)




Table 3.1 Measured Compression Time and Mean Piston Speed

: Gas=N,, P=720 torr,

cm, Piston Head with Crevice

T=302+1 K, clearance height=0.6

stroke, driving pressure, speed control orfice T mean piston
(cm) (MPa) opening angle, (deg) speed, (m/s)
S P, 0 (msec) u
o)
7.84 2.07 11.0 28.4 2.76
7.84 2.07 19.2 18.8 4.17
7.84 2.76 19.2 16.3 4.81
7.84 2.07 29.8 9.9 7.02
5.28 2.07 11.0 19.0 2.78
5.28 2.07 19.2 13.2 4.00
5.28 2.76 19.2 11.6 4.55
T, = fn(S,Pd.Ao) - S/Ao/‘lpd
vy = S/r, = fn(S,Pd.Ao) ~ AOJPd

where Ao = 0.112976

. 2
in cm
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Figure 2.4
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Stress Consideration for Piston :

Driving Chamber Bore=0.5

(b)

\(il) ! 2

Ratio of Test Chamber Bore to
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Figure 2.5
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Operation Map of Current RCM : (1) Minimum Pre-reaction for

a=1.5x10" m/sec?, (2) Minimum Pre-reaction for a=10° m/sec?, (3)
Minimum Pre-reaction for a=0.5x10> m/sec?, (4) Laminar Condition
for CR=8, (5) Laminar Condition for CR=10, (6) Laminar Condition
for CR=12, (7) Laminar Condition for CR=14, (8) Ratio of Laminar
Cooling to Characteristic Heating Time > 1000, (9) Laminar Cooling
Time > 1 sec, R-287 J/Kg/K, T~=1/8,~1000 K, Re_, =2.5x10°,
v=5x10 * m?/sec, u=5x10 * m?/sec, y=14, 6=10* K

16
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Figure 2.6 Design Map of Current RCM : (1) Dynamic Stress Consideration, (2)
Corner Vortex Containment Volume Effect for CR=14, (3) Corner
Vortex Containment Volume Effect for CR=12, (4) Corner Vortex
Containment Volume Effect for CR=10, (5) Corner Vortex
Containment Volume Effect for CR=8, T =1/8=1000 K, v=5x10"¢
m?/sec, y=1.4, 0=10* K, Y/p=5x10* m?/s?, n=5
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Dynamic Pressure Transducer Calibration
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()from previous run (2)piston and (3)valve down
valve up

| l | H . | l } I | ﬁ
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a1l -] ﬂ—| VJ *‘ -
A _f _ﬁ‘
B i
(5)piston lock (6)pressurize

driving chamber

(7)venl gas lines () fire (9)end of compression

Figure 2.13 Operation Sequence of Current RCM
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PISTON AND VALVE DISPLACEMENT (rm)

PISTON AND VALVE SPEED (m/sec)
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Simulation of Piston and Fast-acting-valve Dynamics : Driving
Pressure=2.07 MPa, Stroke=7.84 cm, Clearance Height=0.6 cm, Speed
Control Orifice Opening Area=6.81 cm?, Piston Head with Crevice,
C,=1, C, =1, k,=0, k,=0, k,=0, Time O Shifted to Start of
Compression
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Optimal Piston Pin Shape : Z Measured irom Pin Face, r Measured
from RCM Center Line, lsp=0.05 inch=0.13 cm
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from RCM Center Line, lsv=0.13 inch
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Typical Gas and Oil Pressure Records : Gas=N,, P=720 torr, T;=303
K, Driving Pressure=2.07 MPa, Stroke=7.84 cm, Clearance Height=0.6
cm, Speed Control Orifice Opening Area=6.81 cm?, Piston Head with
Crevice, Time O Shifted to Start of Experiment
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Figure 3.2 Mechanical Vibration Added to Gas Pressure : Top Left=Magnification

of Location (4) in Fig. 3.1, Top Right=Magnification of Location (5)
in Fig. 3.1, Bottom=Vibration Recorded from Gas Pressure Transducer
When RCM Was Hit by a Hammer
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Typical Pressure Traces for Consecutive Runs with Pure N, at
Identical Operating Conditions : P=1000 torr, T=294 K, Driving
Pressure=2.07 MPa, Stroke=9.51 cm, Clearance Height=0.615 c¢m, Speed
Control Orifice Opening Area=10.58 cm?, Piston Head with Crevice,
Time O Shifted to Steepest Slope
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PISTON AND VALVE DISPLACEMENT (rmm)

PISTON AND VALVE SPEED (mm)
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Piston and Fast-acting-valve Dynamics : Gas=N,, P‘=720 torr, Tl=303
K, Driving Pressure=2.07 MPa, Stroke=7.84 cm, Clearance Height=0.6
cm, Speed Control Orifice Opening Area=6.81 cm?, Piston Head with
Crevice, C,,=65, C,=75, kX, =150, k,=8x10 °, k ,=50, Time 0 Shifted
to Start of Compression

.
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Comparison of Inert Gas Pressure Traces for Piston Head with and
without Crevice : Initial Temperature=298 K, Crevice Volume=0.527
cm’, Stroke=7.74 cm, Clearance Height=0.60 cm, Driving Pressure=2.07
MPa, Speed Control Orifice Area=6.81 cm?, Measured Peak Pressure
for Piston without Crevice=3.16 MPa, Measured Peak Pressure for
Piston with Crevice=3.10 MPa, Compression Ratio for Piston without
Crevice=13.9, Compression Ratio for Piston with Crevice=13.4, Time O
Shifted to Steepest Slope, (1) Geometric Isentropic Pressure for Piston
Head without Crevice=3.69 MPa, (2) Geometric I[sentropic Pressure for
Piston Head with Crevice=3.53 MPa, (3) Isothermal Pressure for Piston
Head without Crevice=1.32 MPa, (4) Isothermal Pressure for Piston
Head with Crevice=1.27 MPa, (5) Initial Pressure=95 KPa, (6)
Isentropic Pressure assuming Laminar Boundary Layer for Piston
without Crevice=3.56 MPa, (7) Isentropic Pressure assuming Isothermal
Crevice for Piston with Crevice=3.22 MPa, (8) Isentropic Pressure
assuming Isothermal Crevice and Laminar Boundary Layer for Piston
with Crevice=3.11 MPa
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Height=0.6 cm, Speed Control Orifice Area=6.81 c¢m?
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Raw Pressure and Filtered Pressure : FIR Optimal Low Pass Filter,
Pass Band Cut-off Frequency=0.5 KHz, Stop Band Cut-off
Frequency=1.0 KHz, Filter Length=51, Band Error=62.5 dB, Gas=N,,
P=720 torr, T=303 K, Driving Pressure=2.07 MPa, Stroke=7.84 cm,
Clearance Height=0.6 cm, Speed Control Orifice Opening Area=6.81
cm?, Piston Head with Crevice, Time O Shifted to Start of
Compression
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Thermal Displacement Thickness : Gas=N,, P=720 torr, T=303 K,
Driving Pressure=2.07 MPa, Stroke=7.84 cm, Clearance Height=0.6 cm,
Speed Control Orifice Opening Area=6.81 cm?, Piston Head with
Crevice, a,=2.253x10 > m?*/s, Time O Shifted to Start of Compression
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Figure 3.10 Piston Displacement Obtained from Heat Transfer Analysis : Gas=N,,

P =720 torr, T=303 K, Driving Pressure=2.07 MPa, Stroke=7.84 cm,
Clearance Height=0.6 cm, Speed Control Orifice Opening Area=6.81
cm?, Piston Head with Crevice, Time O Shifted to Start of
Compression
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Figure 3.11 Volume Ratio Obtained from Heat Transfer Analysis : Gas=N,, P=720
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Accumulated Heat Transfer Obtained from Heat Transfer Analysis :
Gas=N,, P=720 torr, T =303 K, Driving Pressure=2.07 MPa,
Stroke=7. 84 cm, Clearance Height=0.6 cm, Speed Control Orifice
Opening Area=6.81 cm?, Piston Head with Crevice, Time O Shifted to
Start of Compression
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Piston Motions from RCM Dynamic Simulation and from Heat
Transfer Analysis : Gas=N,, P=720 torr, T,=303 K, Driving
Pressure=2.07 MPa, Stroke=7.84 cm, Clearance Height=0.6cm, Speed
Control Orifice Opening Area=6.81 cm?, Piston Head with Crevice,
Time O Shifted to Start of Compression
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Pressure and Volume Ratio from RCM Dynamic Simulation and from
Heat Transfer Analysis : Gas=N,, P=720 torr, T =303 K, Driving
Pressure=2.07 MPa, Stroke=7.84 cm, Clearance Height=0.6 cm, Speed
Control Orifice Opening Area=6.81 cm?, Piston Head with Crevice,
Time O Shifted to Start of Compression
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APPENDIX

A.1 Corner Vortex

Corner vortex is the rolled-up side wall boundary layer by a moving piston [9]
as shown Fig. A.l1, hence is a vigorous rotational flow which enhances mixing with
the surrounding fluid. From the elementary entrainment theory [23], the differential

equation governing the mass entrainment to the corner vortex is given by:

dm _ Py —
at ~ Py Jbv/pc Aju, (A1.1)

where m is the mass of the gas in the corner vortex, Py is the density of the gas
in the corner vortex, P, is the density of the entraining core gas, Av is the corner
vortex entrainment area, uv is the vortex average speed, and x = 0.1 is a constant
taken from the experiment with water [9]

When the temperature of the gas in the vortex is assumed to be the same as
the wall temperature, the corner vortex density pv and the corner vortex mass m
are obtained from the ideal gas relation:

p, = P/RT, (A1.2)

wbPA

m = PV/RTW = RT*w (A1.3)

where Tw is the wall temperature, b is the test chamber bore, and A is the cross-
sectional area of corner vortex. When the vortex average speed u, is assumed to be
the same as the piston speed, and the core gas is assumed to follow the ideal

isentropic relations, the following relations are obtained:

u, = up (A1.4)

dt = dx/up (A1.5)
_P P

Pe = RT ~

rT (p/sp, ) (Y"1
W 1
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_ MY G-y

RT ; (A1.6)
w

A, = mhJmA (A1.7)

where up is the piston speed, x is the piston displacement, y is the specific heat
ratio, and P, is the initial pressure. Substitution of (A1.2) through (A1l.7) into

(A1.1) gives:

d(PA) =y P(y—l)/2yp(y+l)/27

ix = ; (A1.8)

Since it was assumed that the core gas follows ideal isentropic relation, the relation

for the pressure can be approximated as:

Y

S+h
P = P.(T %) (A1.9)

where h is the clearance height, and S is the stroke. The final differential equation
is obtained by combining (A1.8) and (A1.9) as:

-(y-1)/2
dA S+h ) _Ab_1

dt S+h-x 2 "S+h-x
The solution to the above differential equation with the initial condition A = O

- xJmA( (A1.10)

at x = 0 is given by:

A = aklm(s+n) Y l(s+n-x)Y[V(S+n)-v(S+h-1)1%  (Al1.11)

At the end of the compression when x = S = (CR-1)h, the corner vortex area is

given by:

A = aklacr YHI(cr1/2.1)2 42 (A1.12)
The vortex diameter dv is obtained from (A1.12) as follows:

d, = JaA/m - ancRCYH/2(cr1/2_ 1y (A1.13)



- 110 -

A.2 Characteristic Times
(1) Characteristic heating time (‘rch)
Characteristic heating time is defined as the reciprocal of the logarithmic

temperature rise rate at the end of the compression, and is given by the following

relation:
1 _ dUsT) _ | x=1dV _ _l)_lig
T dt V dt Y h
ch
Ten = h/('y-l)up (A2.1)

where T and V are the temperature and volume of the test gas, respectively, and

up is the piston speed.

(2) Laminar cooling time (r,)
Laminar cooling time is defined as the time when the thermal boundary layer

merges halfway, and is given by the following relation:

h
2 - Ja’rlc

h2

Tic = 4a (A2.2)

where a is the thermal diffusivity of the test gas.

(3) Characteristic pre-reaction time (‘rpr)

Characteristic pre-reaction time is defined as the ratio of the reaction that has
completed during the compression to the reaction rate at the end of the compression
when the reaction rate is represented by an Arrhenius form, i, R = A exp(-86)
where A is the pre-exponential factor, 8 is the reciprocal of absolute temperature,

and 0 is the activation energy.
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It is assumed that the test gas is compressed isentropically; and that the piston
maintains a constant speed during the compression and stops at a constant

deceleration. From the first assumption, the reciprocal of absolute temperature B is

given by:
B . &l L sG-S s (A2.3)
B £ h h
From the second assumption, the piston

where { is the piston displacement.

displacement is given by:

u
{-h+%at2 for - 2 <t <0
. a
u
fort<—';2 (A2.4)

u

- _t . 2

h + up( t - 55)

where a is the piston deceleration during the piston stopping, and time t is measured

backward from the end of compression.
Substitution of the first order term of (A2.3) and (A2.4) to the reaction rate R
= -t from O to oo give:

and the integration of the reaction rate R with respect to T

u_ /a 2
VRe = [ exnl-(y-1)8,037-] ar

[°° Ip ’p
+ up/a exp[-(y-1)p 06— (r - =91 dr
where R is the reaction rate at the end of compression. Under the assumption of

f
(y-1)B ant2/2/h < 1, the above integration is carried out to give the characteristic

heating time as follows:
Zp h
Tpr = I/Rg = (7 + (y-l)Bfﬂup) )

u
b (A2.5)

- B
(a + (y-l)ﬁfeup
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(4) Characteristic compression time (Tc)
Characteristic compression time is defined as the time needed for the piston to

compress the test gas, and is given by the following relation:

T - .S_ - .(.QB;LM ( A2.G )
c u u
p p
(5) Measured and calculated cooling time (7 and 7_)
Cooling times are defined as the reciprocal of the logarithmic pressure drop rate
after the compression. Measured one is determined from the measured pressure trace
as:

Tme = P/(dP/dt) | ter

- P /L(P_ - P(r _+At))/At A2.7
o/ [(P, - P(r +at))/At] (A2.7)
where PP is the post-compression pressure. Calculated one is determined from the
laminar cooling time as:

Tee = hAt / 2Ja(1'c+At) (A2.8)

where At is taken as 50 msezc.

(6) Mechanical stopping time ('rms)
Mechanical stopping time is defined as the time needed for the piston to stop,
and is given by:

u
- 2
s . (A2.9)

where a is the piston deceleration during the piston stopping.

(7) Temperature stopping time (‘rm)
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Temperature stopping time is defined as a duration from the time where the
temnperature is peak at the end of compression to the time where the core

temperature of the gas begins to roll off at the end of the compression due to the

piston deceleration, and is given by:

2h
Teg = J_(2y+1)a for uy > ‘/l+27 ah
uy s
= - for up < \/1+27 ah (A2.10)
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A.3 RCM Dynamics

The governing c¢quations for the coupled dynamics of the piston and the fast-
acting-valve were derived using an one-dimensional incompressible fluid model. To
accommodate viscous behavior of hydraulic fluid, lumped parameters such as velocity
coefficients (C v)' contraction coefficients (Cc), and loss coefficients (k) were used. In
Fig. A.2, the variables used in the derivation and the important numbers used in the

calculation were summarized. The derivation was divided into four regions.

(1o<y<3s
The piston motion is governed by the Newton’s second law of motion:

2
MPD X = Ade - APP1 - Atpt (A3.1)

where D() is d()/dt, P q 18 the driving pressure, and P, is the test chamber pressure,

which is assumed to follow ideal isentropic relation as follows:

1rr02(S+h) + V.. oy
) (A3.2)

P = P (
t to 2
LEN (S+h-x) + Vcr

where S is the stroke, h is the clearance height, Vcr is the corner vortex

containment volume, and Pto is the initial test chamber pressure. The fast-acting-

valve motion is also governed by the Newton’s second law of motion:

2 ’ 2 2 2
M D%y = AP, - AvPa - 1r(r4 -r, )(P5+pr /2)
2 2
+ 'rr(r4 T, )P3 (A3.3)

where p = 840 Kg/m® is the density of hydraulic oil. The piston displacement x
and the valve displacement y are related from the continuity consideration as
follows:

Apx - Ay (A3.4)
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An application of the Bernoulli equation from the location (1) to (2) in Fig. A.2

gives the following relation:

Ly 2 2 2Ag 2
P, + 5Dx = pD“x(S-x) + pswdln(r2/r1)D x + P,
b 22y 'De? 4 k. Epls (A3.5)
2 3wr2d 12 ’

where k1 is the loss coefficient between the locations (1) and (2). The relation

between P, and P.’ is obtained as follows:

2 2
’ ng2
P, = Py +k, 5 (A3.6)
2(y+e€)
where k

2 is the loss coefficient at the inlet of the valve area Av’ and € = 0.005"
is the O-ring gap between the fast-acting-valve and the base as shown in Fig. A.2.

Combining the relations (A3.1) to (A3.6) with the assumption of P, = P_ = P

3 5 a
gives the final governing equations for the region y < 8 as follows:
X = AV/AP y (A3.7)
2 pDv2, . 3,. 2 2 2
Dy = [5 {A,v /Ap {1-(2AP/3wr2d) -k, -k,/(y+e)”}
2 2
- ﬂ(r4 -1, )} + AV/AP(Ade—ApPa-AtPt)] (A3.8)
2A T
2,, 2 D, (-2vy._ 3 2
/[MV+AV /Ap {MP+pAp(S+3"dln(r1)} PA, /Ap y]
(2 8 <y<sd

The piston motion and the fast-acting-valve motion are again governed by
(A3.1) and (A3.3), respectively. The relation (A3.5) and (A3.6) can be also used
again to relate oil pressures Pl’ P2. and P2’. Since the fast-acting valve opens an
area of 21rr3(y—8) and the pressure is relieved through this area when y > &, the

continuity relation become:

Apr - AvDy + Cc32'='rr3(y-8)v3
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- ADy + C_,A v, (A3.9)
where Cc3 and Cc4 are the contraction coefficients, and v3 and v 4 re the speeds of
hydraulic oil at the location (3) and (4) respectively in Fig. A.2. From the

Bernoulli equation, the P3 and P2’ are given by:

2 1 2
Py = P, + 5V, +(C > - 15V,
v4

2
p(Apr-AvDy)

- P_+ T 2 2 (A3.10)
o d4
P, = P, + (14,08 2 4+ (1— - 1)& 2 (A3.11)
2 3 372V3 c 2 23 .
v3
1 + k
- P+ %(Aprz-AvDyz)[ ) 3 7 + > 2]
Cys (2mr, (y-800%  c,2A

where C a3 = Cv3 Cc3 and C 44 = Cv4 C o4 BTC the discharge coefficients, and k3 is
the loss coefficient at the location (3). Combining (A3.1), (A3.3), (A3.5), (A3.6),

(A3.9), (A3.10), and (A3.11) gives:

) PA 24 2 )
D°x = [(Ade—ApPa-AtPt) - {{(3m2d) +k1-1}Dx

+ k2Dx2/(y+e)2

1+k
+ (A Dx-A Dy)* {—F——3 >+ —3—5}}1
Cy3 (2ﬂr3(y-8)) Caq A,
2A
/[Mb + pAp{S+§;§ln(r2/r1)} - pApx] (A3.12)
1+k
D2y = =2-[A (A Dx-A Dy)?2{ 3 + L
My VR VT e (v-sn? ¢y %A
d3 3y da o
- w(r42-r32)Dy2] (A3.13)

where P5 is assumed to be the same as P3.
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(3) x £ Slispand d < y € d+lsv
The piston motion is still governed by (A3.12), and the fast-acting-valve motion

is governed by the following relation:

2 ’ 2 2 2
MVD y = AVP2 - AVP‘1 - 1r(r4 -T, )(P5+pr /2)
R C T T0) T, (A3.14)
4 3 3 sV .

where Fsv is the valve stopping force exerted by the pin and groove stopping
mechanism of the valve. The details of the fast-acting-valve stopping pin and
groove are shown in Fig. A.3. When the flow field is transformed using Gallilean
transformation, i.e., the fast-acting-valve (or the pin) is stationary and the groove
moves at the speed of Dz on the negative y direction, the oil speed v(z) through the
gap between the pin and the groove is obtained from the continuity consideration as:

v(z) = A/ A(z) Dz (A3.15)
Where 2z = y-d, and A__ and As(z) are shown in Fig. A.3. An application of the
Bernoulli equation through the gap between the pin and the groove gives the

following relation:

Po + 2v(z)? 4 pI: Dv(¢) d¢ = P
2 pAsv 2 z 1
P - P, = ( )2p2? + —2¥p2, d¢
8 5 A (z) ™ lO r 20 ()
F., = Asv(Ps’Ps) (A3.14)
2.2
A pA Dz
2 S8V 2 BV A 1
Agy %Dz (A (z)’ ™ IO r 2202 d¢
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The relations (A3.14) and (A3.16) were used to calculated the optimal valve stopping
pin shape, which gives a constant deceleration of the fast-acting-valve. As before,
P5 is assumed to be the same as P3 in the calculation.
(4) S1sp <x £ S

Since the valve has already come to rest, the piston motion is governed by
setting y = d+lsv and Dy = O in (A3.12) and by adding the piston stopping force
FsP exerted by the pin and groove to (A3.12) as follows:

A 2A 2
2 P2 p 2
D°x = [(Ade-ApPa-AtPt) - — H( ) +k,-1}Dx

31rr2d

k2Dx2
+ - F

(lsv+d+e)2 SP

1+k3 1
3 5+ > 2}}]
Cd3 (2r31r(d+1sv-8)) Cd4 A0

+ A 2Dx2{
P

2A
—D
/[Mp + pAp{S+3wdln(r2/r1)} - pApx] (A3.17)

where Fsp is the piston stopping force exerted by the pin and groove stopping
mechanism of the piston. The details of the piston stopping pin and groove a;'e
shown in Fig. Ai4. Due to high deceleration, i.e., highly negative value of sz, the
hydraulic oil cavitates. When the oil cavitates, P1 is set to the vapor pressure of
the oil and the governing equation (A3.17) is simplified as:

2
Mpr = AP, - APPv - AP - Fsp (A3.18)

where Pv is the vapor pressure of the hydraulic oil. From the continuity
consideration, the oil speed v(z) through the gap between the pin and the groove is
given by:

v(z) = Asp / As(z) Dz (A3.19)
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where z = x-S+lsp, and Asp and As(Z) are shown in Fig. A.4. An application of
the Bernoulli equation through the gap between the pin and the groove gives the

following relation:

P, + 2v(z)? 4 plz Dv(¢) d¢ = P
0

P - P = 2(3"—)203 + —=Bp2, (2 1 d
s 1 2°A (2) lo r(g)2-r. 2
Fsp = Asp(Ps-Pl) (A3.20)
2.2
pA D7z
= _sp oz ___ 1

The relations (A3.18), (A3.19), and (A3.20) were used to calculated the optimal

piston stopping pin shape.
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A.4 Laminar Heat Transfer Model for Inert Gas

Laminar heat transfer model for inert gas experiments with the piston head
with the crevice was developed based on the following assumptions:

1. the test gas obeys the ideal gas relation of state;

2. flow is laminar;

3. the corner vortex is captured in the piston head crevice;

4. there exists a well-defined core temperature region;

5. the temperature of gas captured in the piston head crevice is given by;

T, = TY + T __*1-Y)

where Tcr is the gas temperature in the piston head crevice, Ti is the initial
temperature, Tcore is the core gas temperature, and Y is the temperature ratio which
ranges from 1 to O (throughout this thesis, Y is assumed to be 1).

For a gas subject to time-dependent pressure, the displacement thickness, §, and
the heat flux through the wall, dg/dt, were investigated by J.C. Keck [22], and they

are given by:

0 d¢ ] [%— g_g [%—] d¢ (A4.1)

d_
dg/dt = C.T . o a3
d[PS]

dt y-1

[pcoresl
d8

+ Pdt

(A4.2)
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where Pi is the initial pressure of gas, a, is the thermal diffusivity at the initial
temperature and pressure, and Cp is the constant pressure specific heat.
From mass conservation, the following equation is obtained [30}

Pi(vi+vcr) - PV + AS + PVcr (A4.3)
R T. RT Peore RT .
1 core cr

where the subscript i represents initial states, the subscript core represents states of
the core temperature region, the subscript cr Tepresents states in the piston head
crevice, and A is the heat transfer area. Since the displacement thickness 8§ and the
pressure P are given as a function of time from (A4.1) and the measured pressure
record respectively, and the test chamber volume V and the heat transfer area A are
given as a function of piston displacement, the piston displacement can be obtained
as a function of time from (A4.3). By differentiating this piston displacement
obtained from (A4.3) with respect to time, the piston speed and the piston
acceleration can be also obtained.

The consideration of energy conservation gives the following relation [30}

E, - Qupy - Q, * “g (A4.4)
PV
P cr APS
®core RT (A3 + V) + ®cr RT v-1
core cr
' dq 1 (% ap ds
Qb1 o dCA d{ = 7-1 0[ ES * YagP JA d¢

where thl is the heat transfer through the boundary layer, Wp is the work done

by the piston, Ei is the initial internal energy of gas, and e is the specific internal
energy. Since the test chamber volume V and the heat transfer area A has been
obtained by (A3.3), the heat transfer through thermal boundary layer and that

through the piston head crevice can be obtained from the above equation.
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A.S Interpretation of the Oil Pressure Oscillation

During the piston motion, the oil pressure oscillates at 500 Hz as shown earlier
in Fig. 3.1. To check whether this oil pressure oscillation affect the piston motion,
the piston speed and the piston acceleration calculated from the measured gas
pressure using the laminar heat transfer model are superimposed with the measured
oil pressure in Fig. A.S. Two independent measurements show the same frequencies,
and the maximum peak of the oil pressure is in phase with the minimum peak of
the piston deceleration as shown in the bottom graph of Fig. A.5. This indicates
that the piston motion is affected by the oil pressure oscillation.

Since the peak-to-peak amplitude of the oil pressure oscillation, AP, is of the
order of 1 MPa, the oil pressure area, Ap’ is 6x1073 m>, and the piston mass, Mp,
is around 1 Kg, the piston acceleration due to oil pressure oscillation is estimated by

the following relation:

a = APA /M (A5.1)
where a is piston acceleration. The calculated piston acceleration is around 6
Km/sec?, and this number is the same order as the peak-to-peak oscillation of the
piston acceleration in the bottom graph of Fig. A.S.

When the oil pressure oscillation is assumed to follow a typical linear second-
order vibrational equation [31] as in (AS5.2), the natural angular frequency w = 2mnf

and the damping ratio { are related as:

2
% + 2§mn % + ng P = fn(t) (A5.2)
dt

oy = o Ji1-¢? (A5.3)
1n(P /P ) = 2wt/J1-¢2 (AS5.4)

peak,i’ peak,i+l
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is

|
where fn(t) is a function of time, w 4 is apparent angular frequency, and Ppeaki

i-th maximum peak pressure. From the logarithmic decrement relation of (AS5.4) the
damping ration is found to be 5.7x10 %, and from (AS.3) the natural angular
frequency is found to be 3148 Hz

An explanation of this oil pressure oscillation is that the oil acts as a spring in
this high pressure situation. This oil spring was not included in the RCM dynamic
simulation model derived in Appendix A.3, and this is why the piston speed from
the RCM dynamic simulation does not show any oscillation while that from the
heat transfer analysis shows oscillation as shown in the bottom graph of Fig. 3.13.

To check whether the above explanation is the right physics, a linearized order
of magnitude analysis is carried out, in which the oil is modeled as a lumped
spring, the piston as a mass, and the speed control orifice as a flow resistance. The
schematic of the simple model used is shown in Fig. A.6 with the typical numbers
used. The spring constants Kl and K2 are obtained from the isentropic bulk

modulus of elasticity as follows:

E -~ -v@ - _A(s-x) a(r/ay) - {$-x) dF
8 Vv P d[Ap(S-x)] Ap dx
E A
dF _ Zsp
K, = dx S (AS5.5)
o ) -ALd(F/A) _ _L_gF
s r d[Apy] A dy
E A
dF s r
K, = - dy 3 (A5.6)
9

where Es = 1.51x10°N/m? is the isentropic bulk modulus of elasticity of hydraulic
oil, and S is the stroke. From the Newton’s second law of motion, the relation for

piston motion is given by:

Mpr = F, - P.A (A5.7)
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where Mp is piston mass, F 4 is driving force, and D(.) is d(.)/dt as defined earlier
in Appendix A.3. From continuity consideration, the relation between x and y is
given by:

Ary = A X (A5.8)

P

The linearized relation between P1 and P2 and between P, and Pa are obtained

4
from Bernoulli equation as:

2
(Pl-Pz)AP = pAp(S—x)D x + K x

- pApSD2x + K x (A5.9)

2
(P4-Pa)Ar - PA LDy - K,y (A5.10)

where Kl and l(2 are spring constants of the hydraulic oil obtained by (AS.S) and
(AS.6) respectively, and Pa is the atmospheric pressure. The linearized relation

between P2 and P, are also obtained as follows:

4
P S A 2
(P2-P4)A0 - 3 (A x) (_2 - I)Ao + pL, = D°x
o Cd o
e Ap.2 1 Ay 2
) (A ) (5—5 - l)Aoupr + pL, A, D“x (A5.11)
d

!

where C a4 " 0.5 is discharge coefficient of the speed control orifice. Combining
(AS.7) through (AS.11) gives the final linearized governing equation of the form

(AS.2) as follows:

My PLA,  PLA, 2. Ap 2. 1
-+ 2 +a +pS]Dx+2up(A)(—2-1)Dx
r o o Cd
K K.A F
+ [—l - —3—2]x = 4 _pa (A5.12)
A 2 A
P Al P

Comparison of (AS5.12) with (A5.2) gives the relations for natural angular frequency

© and damping ratio {. When typical numbers given in Fig. A.6 are used for
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these relations, oscillation frequency f and damping ration are obtained as $76 Hz
and 0.092 respectively. These numbers are close to the measured numbers from oil
pressure of 500 Hz and 0.057 respectively, considering the linearized order of

magnitude analysis was used to obtain the oscillation frequency.
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A.6 Detailed Description of Electrenic Circuit

General layout of the timing circuit that synchronizes the start of the data
acquisition and the opening of the solenoid valve is shown earlier in Fig. 2.10. In
this section of Avpendix, the detailed circuit diagratﬁs of each component of the
timing circuit are given in Fig. A.7 through Fig. A:.ll except the commercially
available DCI counter.

The TTL converter shown in Fig. A.7 converts a 120 VAC sinusoidal wave to
an 5 V sinusoidal wave using & series of resistors, then the LN 311 comparator
converts this +5 V sinusoidal wave to a TTL square wave. To send a firing signal
to the logic circuit, the debounce switch is used as shown in Fig. A.8, which
removes the contact oscillation of the mechanical switch. The logic circuit shown in
Fig. A9 consists of AND and OR gates, and it controls signals coming from various
components of the timing circuit. The relay circuit shown in Fig. A.10 drives the
solenoid valve when a RENABL signal from the logic circuit goes high, and the
MOV 970-1 in the relay circuit protects the circuit from the electric spike when the
solenoid is activated.

In Fig. A.11 is shown the external clock circuit. The LED should be on when
the clock is reset using a reset switch before firing the RCM. When a CENABL
signal goes high, the clock is activated and sends the TTL clock signal through a
CLK port. The clock speed can be adjusted using DIP switches connected to pins 2
through 7 of the PX0-1000 chip. "The pin settings and the corresponding clock

speed are given in Table A.l.
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Table A.1 DIP Switch Setting and Clock Speed

program |p 7 0 0 0 0 1 1 1 1
pin |i
setting |n|6 0 0 1 1 0 0 1 1
pin 5 0 1 0 1 0 1 0 1
413 ]2
ojoj]o 1M | 100K 10K 1K 100 10 1 0.1
0]0(]1}§ 100K 10K 1K 100 10 1 0.1 0.01
011 ] 0] SOOK 50K 5K 500 50 5 05 | 0.05
O] 1|1 |3333K| 333K ! 33K | 3333 | 333 33 0.33 0.033
1 ]0] 0] 25K 25K | 25K 250 25 25 | 025 0.025
110]1] 200K 20K 2K 200 20 2 0.2 0.02
1 |1]0 [1666K | 166K | 1.6K | 1666 | 16.6 1.66 0.16 0.016
1 {1 |1] 83K]| 83K | 8333 | 833 83 | 0.83 0.083 ]0.0083

O for on and 1 for off
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Figure AS

OIL PRESSURE & PISTON SPEED

OIL PRESSURE & PISTON ACCELERATION
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Measured Oil Pressure and Piston Motion from Heat Transfer Analysis
: Gas=N,, P=720 torr, T=303 K, Driving Pressure=2.07 MPa,
Stroke=7.84 cm, Clearance Height=0.6 cm, Speed Control Orifice
Opening Area=6.81 cm?, Piston Head with Crevice, Time O Shifted to
Start of Compression
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