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Development and Application of Predictor Model for
Seasonal Variations in Skid Resistance (II)

— Generalized Model —
Kazuo SaIto’, John J. HENRY** and Robert R. BLACKBURN***

Abstract

This paper describes some of the findings of a research program to develop and validate a model for predict-
ing minimum pavement skid resistance values from measurements taken ét any time during the testing season.
The model was developed by obtaining frequent skid resistance measurements during a season in several geog-
raphical areas in the United States, namely Pennsylvania (1976 —1980), North Carolina and Tennessee (1979
—1980), Massachusetts (1978 —1980), and Florida (1979—1980).

This model may be utilized to estimate the skid resistance at any time in the season from a measurement
made during the same season, or to adjust skid resistance measurement made at any time during the season to
the end-of-season level. To apply the model, the user should select the set of predictor coefficient values that
pertains to the pavement type and geographical area of interest. The other information required is the average
daily traffic (ADT), texture measurements (MTD and BPM) for each site, rainfall history, ambient temperature
history in the vicinty of the site, and the date.

The model developed here was applied for predicting the level of skid resistance at the end of the year
(SNe4r) and for predicting the skid resistance at any day from a measurement taken on a different day. Based
on these results, it is conlcluded that the generalized model is an effective analytical tool for estimating sea-
sonally adjusted values of skid resistance. )

1. INTRODUCTION

It has been recognized that an important aspect of safe travel is the availability of adequate fric-
tion between vehicle tires and wet pavement surfaces. Over the years, this friction factor, common-
ly known as pavemant skid resistance, has been measured in the field by various methods. The
most widely used method in the United States is the measurement of the wet sliding friction be-
tween a full-scale test tire and the pavement, according to the ASTM E 274 Method of Test . This
method has been widely accepted because it is relatively straightfoward and has an obvious con-

nection with the problem it was designed to solve, namely, the skidding of vehicles on slippery

roads.
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* % Sc D., Professor of Mechanical Engineering and Director of the Pennsylvania Transportation Insti-
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Figure 1. Skid Number (SNe4) and Rainfall Data for the 1977 Test Season®)

In several skid-resistance surveys, repeated measurements on the same pavements have revealed
significant variations over both long and short periods of time. Efforts to determine the trends of
these variations have pointed to a seasonal cycle where the skid resistance value (skid number)
generally decreases in the summer through fall and is rejuvenated in the winter months. Furth-
ermore, skid numbers have been found to vary from week to week and even from day to day, par-
ticularly where weather conditions may vary significantly (see Figure 1 ).2) ©

These variations in skid resistance make it impossible to determine the friction performance of a
pavement from a single measurement. Not only it is difficult to specify minimum skid resistance
value, much less enforce their maintenance, but it is also difficult to compare the skid resistance
histories of different types of pavement.

Transportation departments require the identification of friction levels on their road systems in
order to take corrective measures where needed and to evaluate surfacing materials and practices.
The minimum friction level for a given pavement is normally the critical level to be determined,
but it is not possible to survey all or most pavements during the short period of time when the
friction level is expected to be at a minimum. Thus, analytical procedures are needed which pro-
vide a correction to the measured skid resistance for seasonal and short-term variations in test

conditions.
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The Federal Highway Adoministration (FHWA) recognized the need for analytical means of in-
terpreting skid-resistance data subjected to seasonal and short-term variations. In 1978, FHWA
initiated a three-year research program with the Pennsylvania Transportation Institute (PTI) of
the Pennsylvania State University to collect frequent skid-resistance measurements of pavements
in various geographical areas of the United States and to develop predictor models to describe sea-
sonal variations in skid resistance of pavement surfaces. _

Two models for predicting seasonal variations in skid resistance have been developed in this re-
search program. One is a mechanistic model based on hy;iothesized mechanisms of wear and
polishing of the pavement texture. Development and application of this model was alread'y‘
reported.7)_8) The other is a generalized model based on a purely statistical approach.This model

was developed by obtaining frequent skid-resistance measurements during a season in several
. geographical areas. This model may be utilized to estimate the skid resistance at any time in the
season from a measurement made during the same season, or to adjust skid-resistance measure-
ment made at any time during the season to the end-of-season level. For the purpose of these esti-
mates it is necessary only to know the length of time since the last rainfall, the 30-day temperature
history from a nereby weather recording station, the average daily traffc, and a skid-resistance
measurement and the date on which it was made. In this paper, the modeling approach used in the

development of a generalized model and some applications of the model are described.
2. DATA BASE

The four geographical data sets were used in the development of the generalized predictor model
and the associated predictor equations. These data pertain to sites in Pennsylvania, North Carolina
and Tennessee, Massachusetts, and Florida. The data bases consisted of skid-resistance measure-
ments taken at various speed, pavement-related data, weather-related data recorded at Weathe"r sta-
tions located near the test sites and the average daliy traffic (ADT) count for each site.

(1) Pennsylvania Data

The Pennsylvania data base used for the modeling consisted of daily and monthly nonwinter
data associated with six highway sites for each of five years (1976—1980) and data from 16 addi-
tional sites for each of two years (1979—1980).

The daily data consisted of information collected during skid-resistance testing of the site sur-
faces and weather-related information assembled from weather records. The data derived from the
daily skid-resistance testing included: date, various skid-test data such as SNe, SNyg, SN32, SNig

which are the skid numbers measured at 64, 48, 32 and 16km/h respectively'; and also air, tire,
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and pavement temperatures recorded at the time of the skid test.

Texture measurements were made monthly at each site and included British Pendulum Number
(BPN) and mean texture depth (MTD) as determined by the sand-patch technique.

General characteristics for each site were also available: type of pavement surface; pavement

mix design; type and source of pavement aggregate; petrographic description; and ADT count for

the facility.

(2) North Carolina and Tennessee Data

The North Carolina and Tennessee data base consisted of daily and occasional monthly data
associated with 11 sites. The data span a 16-month périod from July 1979 through October 1980.
Skid-resistance measurements were conducted mainly at 64km/h. The weather data covered a two-
year period (1979—1980) and included the same information as was recorded for the Pennsylva-
nia sites.

Mean texture depth, BPN, and outflow meter measurements were made seven times at each site
during the 16-month preiod. The texture depth measurements were made using the sand-patch tech-
nique.

(3) Massachusetts Data

The Massachusetts data base consisted of intermittently collected skid-resistance data from 3
highway sites and weather-related information assembled from weather records. These data co-
vered a three-year (1978 —1980) period.'Other data available included: type of pavement aggre-
gate; ADT count for the facility; and some fragmentary sand-patch and BPN measurements.

(4) Florida Data '

The Florida data base consisted of daily and monthly data associated with six highway sites.
The skid-resistance measurements were made ﬁainly at 64km/h during an eight-month period
(mid-July 1979 through mid-March 1980). The weather data covered a two-year period (1979 —
1980).

Texture measurements using the sand-patch technique were made eight times at each site. Other
data available included: air and pavement temperatures at the time of test; pavement mix design

code; type and source of pavement aggregate; and ADT count for the facility.
3. DEVELOPMENT OF GENERALIZED MODEL

(1) Statistical Modeling approaches
First, an overview is given of the modeling philosophy followed and the various modeling

approaches tried. The primary goal of the modeling effort was to produce an equation, or model,
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that reliably predicts pavement skid resistance. The predictive worth of such a model can be ev-

aluated in a rigorous manner, but the construction of candidate models is based on analytical

judgement.

The development of the generalized model was guided by the following modeling principles:

1.
2.

The model should be as simple as possible in mathematical form.

Ideally, the model should be amenable to standard statistical procedures, e. g., multiple
regression analysis.

The model should be compatible with, or at least not incompatible with, known physical
characteristics of the system.

The application of the model should be readily explainable to practicing engineers.
Subject to all these “simplicity” requirements, the model should nevertheless be quantita-

tively accurate enough to be of value.

The order in which data became available greatly influenced the developmenf of the generalized

model. The data base for the initial modelng efforts consisted essentially of daily, nonwinter data

associated with six highway sites in the immediate area of State College, Pennsylvania for each of

three years (1976, 1977, and 1978). The data base for these (original) six Pennsylvania sites

was later extended over the period 1979—1980. Also, records for 16 additional Pennsylvania sites

for these two years became available later for analysis along with texture data for all sites. Skid

resistance, weather, and texture data were available subsequently from several other geographcal

areas of the United States, namely North Carolina and Tennessee (1979 —1980), Massachusetts
(1979—1980), and Florida (1979—1980).

Following this chronological flow of information, the statisitical modeling approach can be

summarized as follows:

1.

Investigate various forms of the generalized model and develop one that best describes
the seasonal variation in skid resistance for the six (original) Pennsylvania sites for the
years 1976 —1978.

Apply the best generalized model developed for .the six sites to the same sites for- the
years 1979—1980, as well as to the additional 16 sites for the same time period.
Investigate the inclusion in the model of new independent variables and/dr the removal of
one or more independent variables already in the model.

Select a generalized model which is “best” in its capability to predict seasonal variation
in skid resistance for Pennsylvania and, at the same time, is most suitable from an en-

gineering point of view.
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5. Compute predictor equations for other areas of the United States by using the best form

of the generalized model.

(2) Preliminary Modeling Approach

Various responses were analyzed in the initial modeling efforts. The most extensive effort in
both initial and subsequent stages was spent on modeling the seasonal variations in SNg4 because
of the general interest in this variable. Thus the discussion that follows concentrates on SNgj.

The first modeling approarch consisted of passing a parabola in Julian calendar time, t;.

SNes= ao+ ait;+ ast;® (1)
via regression analysis through each site-year of SNgs4 data for the six Pennsylvania sites. This
preliminary step was taken in order to decide whether a “real” SNg4 regression model was feasible,
i. e., whether such parabolas reflect the general seasonal variation in SNes. The examination of re-
siduals from the parabolic curve fits also allowed decisions to be made about the daily variables
as potential predictors. The examination of the parabolic residuals for autocorrelation determines,
to a degree, the feasibility of regression analysis as a modeling technique.

Because of the relative uniformity of the percentage of replicate errors (an average replicate
error of 3.9 percent was observed in the measurement of SNe4), logarithmic parabolas of the from

In SNgs= ao+ art;+ ast)” (2)
were also fitted to the SNe4 data.

The parabolic fits, especially the logarithmic from, reasonably described the long-term variation
of SNgs. The analysis also showed, generally speaking, that the quadratic term and higher-order
polynomials often did not improve the fit of the model. Thus, it was decided that the mathematical
form

In SNes= ao+ ait; (3)
could be used to describe the general seasonal patterns observed for each site-year. This form
served empirically to remove the general seasonal patterns so that the importance of other factors
could be examined.

A large number of regression analyses were examined in the development of a preliminary
generalized model. The model that best described the seasonal variations in skid resistance for the
" six original Pennsylvania sites had the following form:

In SNes= f (RF, T, T30, Too, t;) (4)
or

In SNes= co+ c1RF + c2T + ¢3T30+ c4Too+ cst; (5)

RF is a rainfall function which exponentially smoothes rainfall amounts retrospectively and is
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computed in the following manner for the ith day:
RF =1/4M;+1/8M; 1 +1/16M; 2+ 1/32M; g+ +-++++--- (6)
where M; is the rainfall (in mm) recorded for the ith day.

This RF was subsequently replaced by a dry spell factor, DSF, in later modeling efforts. T is
the midrange of the daily maximum and minimum ambient air temperatures, T3y and T are 30-
and 90-day exponentially lagged midrange ambient temperatures respectively, and t; is a Julian
calendar term. It was preferable to predict statistically the logarithm of SNg4 rather than SNgy it-
self. Equivalently, SNgq4 is then predicted as a product of exponential terms (rather than as a sum
of the linear terms).

The preliminary generalized model (5) was subsequently applied to two additional years of data

(1979 —1980) as they became available for the same six sites as well as for the 16 additional
Pennsylvania sites. In this analysis, two new variables, DSF and T,, were added to six variables
included in model (5) to investigate the efficacy including in the preliminary generalized model new
independent variables and/or the removal of one or more independent variables already in the
model. T, is the pavement surface temperature at the time of the skid test, and DSF is a dry spell
factor. DSF is an exponentially increasing function dependent upon the number of days, up to
seven, since the last significant rainfall, defined as

DSF =1n(tg + 1) (7)
where tg is the number of days since the last rainfall of 2.5 mm or more during one day (24h).
Both DSF and T, were included in the modeling because these factors were found to be more im-
portant in the mechanistic model.” ®

A large-scale multiple regression was performed using the data from the 22 Pennsylvania sites
for the two-year period 1979 —1980. Regression coefficients for each combination of variable and
their associated R value were calculated and compared. Here R? is a measure of the variability in
the data explained or accounted for by the respective regression model. This quantity can be inter-
preted as a measure of the efficacy of the model in explaining SNg4 variations.

The results of the individual regression analyses for nine models (combination of variables) and
the respective R” values showed that the adequacy of the models varies considerably between
asphalt and concrete sites. The two types of pavement were then considered separately, and aver-
age R® values were determined speparately for the 7 portland cement concrete (PCC) sites and for
the 15 asphalt sites. The models applied to the concrete sites yielded an average R? value of only
0.179, while an average R” value of 0.431 was obtained for the asphalt sites. This finding led to

the conclusion that only the results obtained from the asphalt sites should be considered in the

7
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selection of the “best” model. Table 1 shows the average R? values for nine models for asphalt sites
in decending order. The followings can be drawn from Table 1 that:

(1) On the average, substituting the rainfall
Table 1. The Average R2 Values for Nine

function for a dry spell factor had a neg- Model (Asphalt, 15 Sites)
ligible effect on the regression results. 3
Model Average R
(2) The improvement obtained when the Ty 0SNG~ F(RF, T, Tyg. Tgg, t, t) 0.460
. : 1nSN64= f(RF, T, T30, T90' t., t) 0.457
/ . . J
term (90-day exponentially lagged midrange InShgg= FIRE, T, Tg, £, t) 0.450
o . . InSNgg= F(DSF, T, Tqg, t, t) 0.445
temperature factor) is included is of little InShgg= FRF, T, T30, ooty t) 0.434
. . SN = FOSF, T, Too, Tog tes t) 0.431
importance compared with the amount of MSN22= FOSF. T T;g RS 0.432
s T T30ty .
.y . . InSN_,= f(DSF, T, t., t) 0.406
64 3’
additional weather information necessary 1= FOSF, T, L, 1) 0.378

to compute this factor.

(3) The substitution of the pavement temperature at the time of the test, T, for the daily

midrange temperature, T, resulted in lower average szalue_s for the 15 asphalt sites.

In addition to these results, two other criteria for the “best” model were considered:

1.  Simplicity of the model, ie., a model with the fewest variables and therefore easiest to

apply, but nevertheless accurate.

2.  Comparability with the mechanistic model in terms of the variables used.

Therefore, the following model

In SNgs= f (DSF, T, T30, tj, t) ' (8)
involving a dry spell factor, a midrange temperature, a 30-day exponentially lagged temperature, a
Julian calendar time, and a long-term calendar time, was chosen as the best preliminary predictive
model to describe the seasonal variation of SNg4 for the Pennsylvania stites.

At this point in the development of the generalized model, it was juged that t, the long-term
calendar time, was not the most appropriate choice. A more site-specific time measure seemed more
appropriate, and therefore, pavement age measured in year, t,, was chosen to represent the long-
term time influence. The substitution of t, for t also improved the fit of the model. For the 15 Penn-
sylvania asphalt sites (1979 — 1980 data), the R? improved from 0.075 to 0.188. For the seven
Pennsylvania concrete sites (1978 —1980 data), the R? value improved from 0.036 to 0.753. In the
remaining of the model development, t, was used exclusively to describe the long-term time mea-
sure.

(3) Description of the Generalized Model

Mathematically, the seasonal variations of SNg4 can be predicted by a product of six exponential

terms:
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SNgy= e eMDSF T oaiTh gart gasts (9)
Alternatively, the natural logarithm of SNg4 can be expressed as a linear combination of a constant
plus five terms:

In SNes= ap+ a1DSF + aT + a3Tap + ast) + ast, (10
where a’s are model coefficients; DSF, T, and T30 are weather-related variables; t; is a Julian calen-
dar time; and t, is the pavement age. DSF is a spell factor defined in equation (7), where tg is the
number of days since the last rainfall of 2.5mm or more with an upper limit of seven days. Hence,
0<tg=7and 0 DSF=2.075.

The second term after the constant in (10) contains a measure of the ambient air temperature, T.
It is the midrange of the daily maximum (Ty) and minimum (T,) ambient air temperatures;

T = (Ty + Tu)/2

The third term contains a 30-day exponentially lagged temperature function. At any given day i,
Tso is calculated iteratively as follows: _

Tsoi =aTita(l—a)Tin+ al=a)Tig+ e 1y
where T; is the midrange temperature at day i and the constant « eql{als 1/30. The term “lagged”
temperature reflects the fact that the term T3 represents a historical temperature function with a
turning point that lags approximately 30 days behind the current temperature. Theoretically, the
smoothing equation (11) extends infinitely backwards in time, although in practice the numerical im-
pact diminishes to a negligible magnitude in a finite number of terms.

The third and fourth exponential terms, t; and t,, are time trems that represent the short-term
and long-term decays in skid resistance. The short-term calendar time, t;, is the Julian calendar
time and is expressed in days. The long-term calendar time, t,, has been set equal to the pavement
age of each site and is expressed in years.

The numerical values for the a’s are determined by stepwise multiple regression analysis. Equa-
tions (9) and (10) apply to a given site for several years, though different model parameter values are
necessary to characterize different sites. When the model is applied to a site for a single year, the
long-ferm function of time, t,, is omitted since it would be a constant for that year.

(4) Summary of Model Results by Site for Pennsylvania

The generalized model expressed by equations (9) and (10 was developed for the six (original)
Pennsylvania sites (1976 —1978 data). It was then applied to 16 additional Pennsylvania sites (1979
—1980 data). The adequacy of the model for each site-year combination was judged by the corres-
ponding R? value. The goodness of fit of the predictive model varied from site to site for a given

year and year to year for a given site. The predictive model was less powerful for the concrete



Kazuo Saito * John J. HEnrY * Robert R. BLACKBURN

site than for the other five original sites (asphalt) for all five year. The R? values of the model
averaged over the years 1976 to 1980 for six original sites are shown in Table 2.

The model produced very poor results when applied indi- Table?2. The R2 Values of the Model

Averaged Over the Years 1976-

vidually to the 1979 and 1980 data associated with concrete 1980 for Six Original Sites

site. The extremely low R” values obtained for these two Y

Site Type R
years contributed to the low average R® value for site 18. 16 Asphalt 0.539
17 Asphalt 0.673
Also, the contribution of the model to explaining the varia- 19 Asphalt 0.640
21 Asphalt 0.707
tion observed in 1nSNgs for these two years is not statisti- 22 Asphalt 0.514
18 Concrete 0.179

cally significant. Such inadequacy of the model was not

found for any of the site-year combinations of the five original asphalt sites.

Another inconsistency was found when the model was applied to the additional 16 Pennsylvania
sites. The R? values of the model averaged over the ten asphalt sites more than doubled from 1979
to 1980, whereas the R? values averaged over the six concrete sites de'crease:\d by a small amount
from 1979 to 1980. For the ten asphalt sites, R* =0.224 in 1979 and 0.558 in 1980. For the six
concrete sites, R =0.357 in 1979 and 0.299 in 1980. In general, the model produced poorer re-
sults for the 16 additional sites when applied to the 1979 data than when applied to the 1980 data.
This lack of fit was more evident for the asphalt sites than for concrete sites.

The following conclusions were drawn from these results:

_( 1) the model cannot be applied uniformly to combinations of asphalt and concrete sites:

(2) the model does not account for site-to-site and year-to-year variations; and

(3) the model_ needs to be applied to combined sites and years for a specific geographical

area in order to reduce the number of sets of models required for a given area.

(5) Need for Introducing Additional Site-Specific Terms in the Model

In general, the model coefficients developed for a given site in a specific area of the United
States would be applicable only to sites with similar weather and site characteristics. Thus, to
minimize the number of sets of model coefficients needed to describe sites within an area, it is
necessary to pool data from many sites in an area. On the other hand, combining the data for all
sites in an area and ignoring the “site effect” would result in a considerable loss of predictive pow-
er of the composite model. Therefore, model parameters that distinguish between pavements in the
same environment, and classification by pavement type must be incorporated into the modeling.
Thus, the following model was investigated:

In SNgg= ap+ aiDSF + asT+ asTsy+ ast;+ ast,+ agADT + a;MTD + agBPN - (12

or, alternatively,

10
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SN64= ezq, eu,[)SF C'dzT e;\:{l'w eu‘,l) ea:‘t;. eaH/\D'[‘ a;MTD  agBPN

e €

(13
where the variables DSF, T, T, t;, t,, are as defined in (10, and ADT = average daily traffic in
the lane tested, MTD = macrotexture term (sand-patch texture depth), and BPN = microtexture
term. Each site was classified as either concrete (C) or asphalt (A).. A further subdivision of the
asphalt pavement group into dense-graded and open-graded bituminous pavements was not carried
out, because of the small size of the subgroups.

(6) Model Results by Geographical Area

The specific predictive equations for the generalized model in (13 were determined from the data
for the 22 sites in Pennsylvania, the 6 sites in Florida, the 3 sites in Massachusetts, and the 11 sites
in North Carolina and Tennessee. Both pavement types, asphalt and concrete, were considered
separately and together, i.e., the generalized model was applied to the total data set. Within each of
three groups, three models were used to calculated the coefficient values and R? values: the model
without the BPN factor; the model without MTD factor; and the model with both factors.

The values of the model coefficients were accepted only if the contribution of the corresponding
factor in explaining the variation observed in 1nSNg4 is significant at the 90 percent confidence
level.

The model results for Pennsylvania sites showed that the model without the BPN factor gives
rather poor R? value for the asphalt sites (R2 =0.56) and for all sites together (RZ =0.47); where-
as for the concrete sites, the model yields a satisfactory R? value of 0.76. Including BPN in the
model (without MTD) improved the fit of the model by such as 54 percent for the asphalt sites (R2
=0.86) and by 77 percent for all sites together (Rz =0.83). For the concrete sites, R? value im-
proved only from 0.76 to 0.80. Including both factors, MTD and BPN, in the model brought little
or no improvement over the model with BPN only.

The standard error, Se, of the dependent variable 1nSNg4 shows the same behavior for the diffe-
rent models. Including BPN in the model but not MTD decreased the error by a considerable
amount, while the inclusion of both BPN and MTD showed little or no reduction over the error
obtained from the model with BPN only.

The best predictor models for explaining seasonal variations in the skid resistance of Pennsyl-
vania sites are those that have incorporated ADT, BPN, and pavement type. The best predictor
model for asphalt sites is the one determined for the 15 sites (1,945 observations) for the 1979 —
1980 period as follows:

SNgy= e "D T ait asts g2 ADT 8PN (142)

where  29=2.933 a1=—0.0397 as=—0.00033  a,=—0.00034
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as=—0.0143 ag=—0.000034 a3=0.0196
and R?=0.86

The best predictor model for concrete sites is the one determined for the 7 concrete sites (926
observations) for the 1979—1980 period as follows:

SNgs = e ea]DSF eazT eaSTBO edta easADT agBPN

e (14b)

where  ag=2.747 ar=—0.0222 a;=—0.0015 a3=0.0011

as=—0.0159 ag=—0.000008 a3=0.018
and R?=0.80

Table 3. Model Coefficients for Various Geographical Areas

Geographical  Pavement 3 a 2, ay a, 2 ag a, 2 2
3 Type
Pennsylvanla  Asphalt 2,933  -0,0397 0.0 -0,00033 -0.00034  -0.0143  -0,000034 " 0,0196  0.86
Concrete 2,747  -0.0222  -0,0015  0.0011 0.0 -0.0159  -0.,000008 - 0.018 0.80
Flor ida Asphalt 4,106 -0.0125  -0,0007  0,0017 -0,00035  -0.0670  -0.0000i2  -0.0058 - 0.79
Concrote = = = = = == - - - - 2o o oo- N Data Avallable = - = = = = ==~~~ === -«
Massachusetts Asphalt = = = = = < = - - = - - = - GeneralIzed Model Investigated was fnadequate - = - - = = = - - = = - -
Concrete = = = = = == == =222 o Data Avallable = = = = = = = = = = = = = = = = = - - -
North Carolina/ Asphalt 3,065 -0.0097 0.0 0.0 -0.00043  -0.,0151 0.000031 - 0.0138  0.91
Tennessee
Goncrete 1,728 -0,0288 0.0 -0.0028  -0,00018 0.0 0.0 0.0 - 0.69

*Those RZ values refloct the goodness of fit of the mdel for the geographlcal areas for which the mdel has been developad
and are only an Indlcator of how well the mdel might work In future appl lcations.
**A blank Indicates that term was excluded from the model,

Values for the predictive parameters of the model were computed for other three geographical
areas in the same manner for the Pennsylvania sites. The best predictor models and associated
coefficients for the various geographical areas are summarized in Table 3. Some of the coeffi-
cients in the tabulation were sét equal zero. These zero values denote that the contributions of the

associated factors toward explaining the variations observed in 1nSNeq is not significant at the 90

vpercent confidence limit.

4. APPLICATION OF THE GENERALIZED MODEL

To apply the generalized model, the user should select the set of predictor coefficient values
from Table 3 that pertains to the pavement type and geographical area of interest. The other in-
formation required is the average daily traffic (ADT), rainfall history, ambient temperature history

in the vicinity of the site, and the date. When a prediction of SNgs on a particular day is required,

12
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texture measurements (MTD and BPN) are needed, but when a year-end level or a prediction on
day k based on a measurement on day j is desired, texture data are not needed, as shown below.

The generalized model with an appropriate set of predictor coefficients can be used in several

ways to furnish quantities of interest to the user.
(1) Prediction of SNes on a Particular Day

As an example, consider the following data for Pennsylvania site 19 on June 11, 1980 (t; =163):

DSF =0.693
T =48(°F)
Tso =40(F)

t, =19 (years)

ADT =7000.(vehicles per day)
MTD =0.51 (mm)
.PBN =54

The generalized model predicts, for June 11, 1980:

SNgy= 2933 0-0397(.693) [0(48) -0.00033(40) ,-0.00034(163) ,-0.0143(19) ,-0.000034(7000) LO(.51) 0.0196(54)

=29.5

The skid number actually measured on June 11, 1980 was 30.2.

(2) Prediction of Year-End Level of Skid Resistance, SNgsr

The generalized model can be used to adjust, for seasonal variations, the skid-resistance
measurement taken at any time of the year. A method to predict the level of skid resistance at the
end of the year (SNesr) from a measurement taken at any time (day j) during the season (SNe4j) had
been developed for the Pennsylvania sites from the generalized model.

The generalized model recommended for the Pennsylvania sites contains only the annual average
BPN as a site-specific variable and is expressed in the form:

SNogy= e eMDSF ¢ a9 gt gagha aADT (agBPN ) 19
where SNegy;= skid resistance measured on day j.

For the application of the generalized model to the Pennsylvania sites, the BPN term in equation
(19 was replaced by another site-specific variable, SNgsr (the observed final skid-resistance level),
to yield the following form of the generalized model:

SNegy= e™ eDSF 2T (23T cag pagta (aGADT (agSNotr ) 16)

The values of the coefficients in equation (16) have been determined from the observed data, so
that the adjusted skid number can be predicted mathematically by a linear relationship produced

by taking the natural logarithm of SNgy; in equation (16 and rearranging:
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SNeap = 7%) (a, + aDSF+ a,T+ aTs+ atj+ at,+ aADT+ 1nSNey) a9

In this analysis, the 1979 and 1980

data values of SNeyr (listed in Table Table 4. SN, Values Calculated from SNoF in the Mecha-

. nistic Model for 1979 and 1980 (Pennsylvania Sites)
4), which were calculated from the

. SN
terminal values of SNor and PNG by e
Site No. Type of Pavement* 1979 1980
equation (18 shown in the previous T
8) ) 1 06 21.3 26.1
paper  , were used with the weath- 2 pcC 31.9 24.0
3 pCC 49.7 42.4
er-related data. 4 06 22.7 21.9
_ -0.6PNG 7 pCC 48.8 45.8
SNear = SNor e 8 8 pcC 29.3 -29.1
— 9 0G 36.7 41.8
where SNor = the level of SNy after 0 bec o 3 P
: : 11 06 21.1 26.7
v full 1 . SNor
the pavement is y polished OF i o0 s 13
is independent of both seasonal and 13 06 87.7 5.8
14 PCC 42.5 35.7
short-term variations. SNy = skid 15 06 53.9 55.0
16 06 20.4 19.5
numder-speed intercept and is re- 17 06 21.5 26.1
18 PCC 40.8 48.0
lated to microtexture. PNG = per- 19 06 26.4 26.3
20 06 32.5 34.1
cent normalized gradient and related 21 06 27.3 26.1
22 06 54.1 46.0
to macrotexture. 24 06 18.5 23.4.
9 1

25 06 42. 45.

The coefficients that resulted are

shown in Table 5 for each pavement

type. *0G = dense-graded asphalt; 0G = open-graded asphalt; PCC = portland cement
concrete.

For this application, the adjusted
level of skid resistance (SNesr) was predicted for asphalt pavements from each observation during
the 1980 test season. As an example, consider again Pennsylvania site 19. From the observed

value of skid resistance on June 11, 1980, the model predicts the year-end level using equation (17)

Table 5. Values of Model Coefficients for Each Pavement Type (Pennsylvania Sites, 1979

and 1980)
ag a a a3 a ag ag ag R?
pavement Type (DSF) (m (T3g) (ts) (t3) (RoT) (SNgqr)
Asphalt 3.124 -0.0371 0.0 -0.0028 -0.00047 -0.0041 0.0 0.0244 0.85
Concrete 4.264 -0.0195 -0.0019 0.0013 0.0 -0.0440 0.0 -0.0028 0.73
A1l Sites 3.186 -0.0286  -0.0015 0.00063 -0.00056 -0.0045 -0.000020 0.0204 0.75
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with the data from the example in previous section (2) and with SNgs;=30.2 as follows:
SNeap-= 70%51? 13.124—0.0371 (.693) +0(48) +0.0028 (40) —0.00047 (163)

—0.0041(19) +0(7000) — 1 n(30.2)} =23.6

The value of the year-end level observed for site 19 in 1980 was 26. 3.

Table 6. Comparison of Measured SNe4, Adjusted SN64F, and Observed SNe4F for
Asphalt Pavement Surfaces (Pennsylvania Sites, 1980)

Measured SNg, Adjusted SNgse Observed”

Site No. Mean S.D. Max. Min.  Max.-Min. Mean S.n. Max. Min. Max.-Min. 64F

1 4.31  46.20 25.80 20.40 2471 3,79 35.44 17.94 17.50 26.07
4 33.54 3.82 42.60 26.80 15.80 27.62 3.48 36.78 20.00 16.78 27.91
8 33.03 5.11 50.00 27.00 23.00 26.82 4.39 38.34 18.88 19.46 29.12
9 43.23 3.76 53.40 35.80 17.60 38.13  2.97 44,95 30.57 14.38 41.80
11 30.30 3.62 42.60 24.60 18.00 25.05 3.74 34.86 17.79 17.07 26.70
12 43.18  3.55 51.00 35.00 16.00 38.44 2,49 43.27 31.08 12.19 31.31
13 65.77 2.95 73.00 60.20 12.80 55.25 1.99 60.30 51.58 8.72 55.80
15 68.70 2.97 76.00 62.80 13.20 57.01 2.3¢ 63.25 53.10 10.15 55.03
16 22.32  2.61 32.60 18.70 13.90 12.05 3.42 21.82 5.38 16.44 19.51
17 36.41 5.50 47.20 26.00 21.20 30.24 4,73 37.83 20.05 17.78 26.07
19 29.75 2.60 36.80 25.60 11.20 23.72  2.42 30.21 19.67 10.54 26.28
20 36.75 2.91 46.00 31.50 14.50 32,28 2.40 38.56 27.21 11.35 341
21 35.3¢ 3.37 43.80 31.20 12.60 29.28 2.40 33.50 26.01 7.49 26.12
22 59.13 3.02 67.00 52.50 14.50 50.57 1.66 53.98 46.86 7.12 45.98
24 28.62 3.46 40.80 24.40 16.40 22.63 3.47 31,52 17.66 13.86 23.36
25 54.40 3.16 64.40 49.60 14.80 47.28 1.82 51.70 43.65 8.05 45.06

*Observed SNggr was determined from observed SNgp and PNG by using equation (21).

The results of applying the model in this way was shown in Table 6, where the mean, standard
deviation, and range of the observed SNgs4 and the mean, standard deviation, and the range of pre-
dicted final skid-resistance level (SNesr) can be compared. In most cases, both the range of the
observed data and the standard deviations were reduced by the application of the model. The aver-
age standard deviation for the observed SNgs data is 3.55, which is reduced to a standard devia-
tion of the adjusted SNgar of 2.95. ,

In Figure 2, good agreement is shown between the observed SNgsr and the average of the daily
predicted values of SNesr. When applied to the portland cement concrete sites, however, the
model was not successful. The reason for this may be the different behavior noted in the skid-
resistance histories for the PCC sites as well as the relatively small number of PCC sites (5)
compared with the number of asphalt sites (16).

Furthermore, it has been shown that there is very good agreement between SNQF estimated

by the generalized model and SNesr estimated by the mechanistic model which was already

presented in the privious paper, as shown in Figure 3.
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Figure 2. Comparison of Observed SNgsr and Adjusted
SNg4F Obtained by Using the Generalized Model
for Asphalt Pavement Surfaces
(Pennsylvania Sites, 1980)

(3) Estimation of Skid Resistance at Any Time from Measurement on Another Day
A third application of the generalized model is to estimate the skid number at any time from a
measurement on another day using the model developed in the previous section (2). For asphalt
pavement surfaces, the skid number on day j (SNeg;) can be predicted in the form:
SNeg;= €% eM1PSF) 25T gats asADT gagSNear (19a)
The skid number on another day (k) can be predicted in the form:

aDSFi gayTang SNt (19p)

atk ,asADT

SNgg = e*e et e
where the regression coefficients are given in Table 5, and noting that the value of as is zero for

this application. The ratio of SNe4 to SNey; is then formed:

SNk = o2(DSFx—DSF) gay(Tan—Tsn) a,(tke—) : (20

Thus the relationship to estimate the level of skid resistance at day k from a measurement taken at
day j is formed:
SNew = SNey; ieal(DSFk*DSF,) ea3(T30k—t30,) ea4(tk—t,)} . 1)
As an example of the application, the skid resistance on April 17, 1980 (t, =108) can be esti-

mated from the June 11, 1980 (t;=163) data. In addition to the data for June 11, as given in the
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example in previous section (1) and

3 70
(2), the following data for April 17 § Line of Equality
must be obtaind from weather re- -:5:) 60 a
cords: §
3
DSF, =1.099 % 50]
Tk :32 li
. Z
T30 =27.9 " 40
o
Inserting these data and the data [
%]
listed in section (1) for day j, the g 301 4
model @1) provides the following :
=4
estimate for skid resistance on April %‘ 201 a
17 :
SNegy = 30.2  fe0-0%71(1.099—.693) % %% 3% 4 = 70

0(32-48) MEAN ADJUSTED SNg,. by Generalized Model

¢ 0-0028(27.93-40.06) Figure 3. Comparison of Adjusted SN64F Obtained by the

—0.00047 (108—163); __ Generalized Model and Adjusted SN64F Obtained
e . { =31.6 by the Mechanistic Model for Asphelt Pavement

. S ia Sites, 1
The skid number measured on April Surfaces (Pennsylvania Sites, 1980)

Table 7. Prediction of Skid Resistance (SN) on Day k from the Measurement Taken
at Day j by Use of the Generalized Model (Pennsylvania Sites, 1980)

Date Site 4 Site 11 Site 16

Day j Day k Measured Predicted Dif. Measured Predicted Dif. Measured Predicted Dif.

8/18/80 32.0 - - 27.6 - - 20.6 - -
5/02/80 37.0 34.6 2.4 - - 25.2 22.2 3.0

5/05/80 39.2 33.3 5.9 32.6 28.8 3.8 22.7 21.5 1.2

5/07/80 35.0 33.3 1.7 31.6 28.7 2.9 22.0 21.4 0.6

5/08/80 35.6 34.5 1.1 30.8 29.7 1.1 21.4 22.2 -0.8

5/15/80 38.0 34.9 30 32.8 30.1 2.9 24.0 22.5 1.5

8/21/80 ’ 32.2 - - 30.2 - - 20.4 - -
5/02/80 37.0 36.7 0.3 - - - 25.2 23.2 2.0

5/05/80 39.2 35.4 3.8 32.6 33.2 -0.6 22.7 22.4 0.3

5/07/80 35.0 35.3 -0.3 31.6 331 -1.5 22.0 22.4 -0.4

5/08/80 35.6 36.6 -1.0 30.8 34.3 -3.5 21.4 23.2 -1.8

5/15/80 38.0 37.0 1.0 32.8 34.7 -1.9 24.0 23.5 0.5

8/25/80 33.4 - - 26.4 - 20.7 - -
5/02/80 37.0 37.9 -0.9 - - - 25.2 23.5 1.7
5/05/80 39.2 36.6 2.6 32.6 28.9 3.7 22.7 22.7 0.0

5/07/80 35.0 36.5 -1.5 31.6 28.8 2.8 22.0 22.6 -0.6

5/08/80 35.6 37.8 -2.2 30.8 29.9 -0.9 21.4 23.4 -2.0

5/15/80 38.0 38.3 -0.3 32.8 30.2 2.6 24.0 23.7 0.3

17 was 33.8.

The results of applying equation @0 in this way to some of the Pennsylvania sites are shown in
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Table 7. In this case, three days (j) in August were used, and the skid resistance for five days (k)
in May was estimated for asphalt pavement surfaces. The results show good agreement between
measured SNe4 and predicted SNe4 for each site. Therefore, it can be concluded that the generalized
model can be used to estimate the skid resistance at any day in the past from a measurement made
at a later date. In this form the model can be used in the investigati‘on of accidents. The model
similarly could be used to predict skid resistance at a future date given an assumption about

weather conditions (T3p and DSF) for that date.

5. CONCLUSIONS

The following conclusions were drawn from the analysis of'the generalized model:

(1) An effective and relatively simple generalized model for estimating SNg4 of a site has been
constructed. The use of the model requires a set of coefficients and knowledge of the age of the
pavement; the average daily traffic count for the site; an annual estimate of the BPN value or the
mean texture depth for the site as determined by the sand-patch technique; the rainfall and
ambient air temperature histories in the vicinity of the site; and the date.

(2) The goodness of fit of the model for a regional set of highway sites was improved by adding
ADT and a measure of surface texture (as determining by BPN and sand-patch mean texture
depth) as factors to the model and by determining the predictor parameters separately for asphalt
and concrete pavements. The improvement was greater when BPN was added than when mean tex-
ture depth was included.

(3) Highly satisfactory predictive coefficients for the model were developed separately for
asphalt and concrete sites in Pennsylvania and in the North Carolina/Tennessee area and for
asphalt sites in Florida. Less than satisfactory predictive coefficients were developed for asphalt
sites in Massachusetts. The goodness of fit of the model as measured by the R% velues for the high-
way sites in the thvree areas, excluding Massachusetts, ranged from a low of 0.69 to a high of
0.91.

(4) Relatively large differences between geographical areas can be seen in the model coeffi-
cients.

(5) Since it is a multiple regression equation, the generalized model can be used directly to
establish future SNg4 values or future SNgs mean values for a given site.

(6) The equation to predict the level of skid resistance at the end of the year (SNgsr) from a
measurement taken at any time during the season (SNe4) have been developed for the Pennsylvania

sites. In the generalized model, the equation takes the form:
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SNetr = %9 (a,+ aDSF+ a,T+ a,Tso+ at;+ at, +a,ADT— 1nSNey)

where the model coefficients for the Pennsylvania sites are those given in Table 5.

(7). The results of the application of this model to the 1980 data for Pennsylvania sites have
been shown in Table 6. Based on these results, it is concluded that the generalized model is effec-
tive predictor model for estimating seasonally adjusted values of SNes. Furthermore, it has been
shown that there is very good agreement between SNe4r estimated by the generalized model and
SNe4r estimated by the mechanistic model, as shown in Figure 3.

(8) Further application of the generalized model has been made to predict the skid resistance at
any day from a measurement taken on a different day. The relationship to predict the level of skid
resistance at day k from a measurement taken at any day j has been developed from the general-
ized model for Pennsylvania asphalt sites in the from:

SNeg = SNey; ’eal(DSFk—DSF,) 23 (Ta0c—Taoy) eaﬂg-t,)}
where the model coefficients are those given in Table 5 .

(9) The results of the application of this equation to the 1980 data from some Pennsylvania
asphalt pavement sites was shown in Table 7. The average differences between measured and
predicted SNesy for all Pennsylvania asphalt pavement sites are given in Table 8. It can be seen
that the mechanistic model produces better predictions, less variation, than those produced by the

generalized model.
Table 8. Average Differences Between Measured and Predicted

(10 All the predictions consi- SNe4k for All Pennsylvania Asphalt Pavement Sites
dered above must be compared with
Generalized Model Mechanistic Model
. .. . Number of
the pOSSIble variations in SN64 Day j Average  Std. Dev. Average  Std. Dev. Observations
measurements resulting from 8/18/80 2.3 2.89 11 2.56 61
8/21/80 -0.7 3.52 -0.4 2.51 62
r
measurement errors and othe 8/25/80 1.4 2.99 0.2 2.09 47

sources error. Meyer, Hegmon, and

Gillespieg) have reported number of
factors responsible for errors in locked-wheel skid-resistance tests and have calculated the aver-

age error band associated with each type of error. These factors include:

Speed holding + 1.5SN
Pavement variability, lateral + 4 SN
Pavement variability, longitudinal + 2 SN

H+

Dynamic wheel-load change 1 SN
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Data evaluation by operator + 3 SN
Compared with these errors, the differences between measured and estimated SNg4, as shown in
Table 8, and the predicted SNgsr, as shown in Tables 6 and 7, are less than the expected varia-

tions in SNg4 measurements resulting from measurement errors and other sources of error.
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APPENDIX

Measurement Required For Seasonal Adjustment of Skid Resistance

The two models developed in this research require similar inputs to describe weather and long-term con-
ditions. The mechanistic model also requires aggregate properties which are not yet well identified.

Four types of inputs are required, assuming that a measurement of skid resistance has been made on a par-
ticular day:

1. Observations made at the time and location of the skid-resistance measurement.

2. Data available from weather records at an NOAA weather reporting station, ideally located on more

than 5 to 10 miles from the location of the pavement site.

3. Pavement history including age of wearing course, ADT, and pavement type.

4. Aggregate properties and texture measurements.

In the conduct of research, measurement were made which were not used in the final predictor models,
either because the models were not sensitive to these measurements or because the measurements were
themselves highly correlated with other measurements used in the models.

The measurements used in the mechanistic model are given in Table A— 1, and those ﬁsed in the general-
ized model are given in Table A— 2. All the measurements performed in the course of the research, many
of which were not used in the model, are listed in Table A— 3.

The mechanistic and generalized models require similar types of data; however, the mechanisitic model
requires BPN measurements taken before and after polishing with the Penn State Reciplocating Pavement
Polisher or a similar device. The machanistic model also requires skid resistance-speed data in order to
calculate the percent normalized gradient. The generalized model uses fexture data (MTD and/or BPN)

rather than observations of skid resistance as inputs; however, equations (16 and (20), developed to apply the

Table A—1 Measurements Required by the Generalized Model
Observations made at time of test (on Julian calendar day, t)
1. Skid-resistance measurements (ASTM E 274): SNg,
2. Weather station data

A. Maximum and minimum temperature for a period of 30 days prior to date of test and on date of
test. (To calculate T and T30 using equation (11)).
B. Rainfall: Total precipitation per day for at least 7 days prior to the date of test. (To calculate
dry spell factor, DSF, by equation (7).
3. Pavement data
A. Average daily traffic in lane tested (ADT)
B. Pavement surface age in years since last resurfacting (t.)
C. Pavement type — PCC, dense graded, open graded
4. Texture data (optional)®
A. Sand-patch mean texture depth (MTD)
B. British pendulum number (BPN)

* These need not be measured to apply the predictor model if the model is being used to predict SNgyp or
to predict the skid resistance on a day other than on which the measurement was made.
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generalized model, are based on skid-resistance measurements rather than texture data. The resulting

generalized models thus utilize readily available data.

Table A—2 Measurements Required by the Mechanistic Model
1. Observations made at time of test (on Julian Calendar day, t)
A. Skid resistance measurements (ASTM E 274)
1. SNe
2. SNyg, SNgo (or percent normalized gradient, PNG)

B. Pavement temperature-T,
2. Weather station data
A. Rainfall: Total precipitation per day for at least 7 day prior to date of test. (To calculate dry spell
factor, DSF, by equation (7)).
3. Pavement data
A. Average daily traffic in lane tested (ADT)
B. Pavement type — PCC, dense graded, open graded
4. Aggregate and texture data
A. British Pendulum Number (BPN)(ASTM E 303)
B. BPNypoo: BPN after 2000 cycles of polishing

Table A—3 Measurements Made During the Course of the Research
1. Frequent tests on pavements
A. Skid-resistance measurements (ASTM E 274)
1. SNes
2. SNyg, SNgo (or SNy, PNG)
3. SN%s SN% (or SNB, PNG®) — brank tire tests

B. Temperature obsevations

1. Pavement temperature (T))
2. Air temperature (T,)
3. Water temperature (T,,)
4. Tire temprerature (T)
2. Weather station data
. Maximum and minimum daily temperature (NOAA Station)
. Temperature at 8 . 00 a.m. standard time (NOAA Station)
. Relative humidity (NOAA Station)
. Cloud cover (NOAA Station)
. Wind direction and speed (NOAA Station)
. Precipitation (total per day) (NOAA Station)
. Rainfall rate during test season (tilting bucket at local site)

O mEmoO o w e
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3. Pavement data
A. Pavement type
B. Aggregate source
C. Mix design
D. Construction date
E. Average daily traffic (includlng traffic classification)
4 . Texture measurements (monthly)
. BPN (ASTM E 303)
. Sand-patch mean texture depth (ACPA Method)
. Microtexture profiles
. Macrotexture profiles
. Stereo photographs (ASTM E 559)
. BPN after polishing with the reciprocating pavement polisher

m s o o w e
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Experimental Study on Shearing Strength
of Four Pile Caps

Kazuo Ohtsuki and Tsutomu Tsuchiya

Abstract

In this paper ninety—eight reinforced concrete pile caps. each with four piles, were tested under vertical
load. The variables involved were spacing of piles, arrangement of reinforcement, side length of column, side
length of pile cap and depth of pile cap. For all pile caps final failure was in shear. In the shear failure three
typical forms were recorded. The first was the punching failure by the column punching through the pile cap.
The second was the one similar to that in a wide beam, with the pile cap splitting into halves which were dis-
placed vertically relative to one another. The third was the shearing failure in which the corners of pile cap
were broken off.

In regard to the ultimate shearing strength the results of the test were compared with the values calcuated
according to the provision for the shear in A. L J. Building Code Requirements for Reinforced Concrete(1982),
to that in A. C. . Building Code Requirements fm; Reinforced Concrete(ACI 318-83), to the equations proposed
by others and to that by authors.

To conclude the discussions the calculated values according to the author’s equations and to the provision

for the punching shear in A. I J. Building Code agreed well with the experimental results.
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Peal (Pcal) cal (Pcal) cal (Pcal) ool Feal Feal Feal Pl Peal

1| P| 31.5 39.7 (0.88) | 36.3%(0.97) | 30.8 (1.14) | 20.2%(1.74) | 34.3%(1.02) | 32.6%(1.08) 53.3%(0.66) | 35.1*(1.00) | 36.1*%(0.97)

2} P| 34.0 41.6 (0.82) | 38.0%(0.89) | 31.2 (1.09) | 20.7*(1.64) | 35.2%(0.97) | 33.2%(1.02) 53.7%(0.63) | 35.8%(0.95) | 37.0%(0.92)

3| P| 42.8 56.3 (0.76) | 54.4%(0.79) | 58.1 (0.74) | 26.9%(1.59) | 37.1*(1.15)| 33.9%(1.26) 46.3%(0.92) | 39.0%(1.10) | 34.5%(1.24)

4| P| 4b4.4 50.6 (0.88) | 48.9%(0.91) | 55.8 (0.80) | 25.5%(1.74) | 35.1%(1.26) | 32.7%(1.36) 45.9%(0.97) | 37.4*(1.19) | 33.5%(1.33)

5( P| 87.5 46.8 (1.87) |101.3%(0.86) | 76.0 (1.15) | 54.8%(1.60) | 68.9%(1.27) | 64.4%(1.36) 90.6%(0.97) | 67.7*(1.29) | 42.8%(2.04)

6| P|100.0 51.5 (1.94) 1111.3%(0.90) | 79.7 (1.25) | 57.5%(1.74) | 72.4%(1.38) | 66.4%(1.51) 91.1%(1.10) | 70.3*(1.42) | 43.9%(2.28)

7] S{132.0 72.5 (1.82) |278.2 (0.47) [ 98.4 (1.34) | 139.9 (0.94) [112.7 (1.17) | 98.0 (1.35) | 142.2 (0.93) | 94.4 (1.40) | 49.7 (2.66)

8| S|146.0 72.5 (2.01) |278.2 (0.52) | 98.4 (1.48) | 139.9 (1.04) |112.7 (1.30)| 98.0 (1.49) |142.2 (1.03) | 94.4 (1.55) | 49.7 (2.94)

9{ P| 78.4 66.5 (1.18) | 79.1*(0.99) | 83.2 (0.94) | 44.0%(1.78) | 63.9%(1.23) | 60.6%(1.29) 94.4%(0.83) | 67.9%(1.15) | 51.8*%(1.51)
10| P| 84.0 70.6 (1.19) | 84.0%(1.00) | 85.7 (0.98) | 45.4%(1.85) | 65.9%(1.27) | 61.8%(1.36) 94.8%(0.89) | 69.6%(1.21) | 52.6*(1.60)
11| P| 83.0 61.1 (1.36) | 72.7%(1.14) | 79.8 (1.04) | 42.2%(1.97) | 61.2%(1.36) | 58.9%(1.41) 93.9%(0.88) | 65.6%(1.27) | 50.7*(1.64)
12| P| 83.5 59.2 (1.41) | 70.5%(1.18) | 78.5 (1.06) | 41.6%(2.01) | 60.2%(1.39) | 58.3%(1.43) 93.7%(0.89) | 64.7*(1.29) | 50.3%(1.66)
13| P| 82.0 65.5 (1.25) | 78.0%(1.05) | 82.6 (0.99) | 43.7*(1.88) | 63.5%(1.29) | 60.3*(1.36) 94.3%(0.87) | 67.5%(1.21) | 51.6%(1.59)
14| P| 84.0 67.4 (1.25) | 80.2%(1.05) | 83.8 (1.00) | 44.3*(1.90) | 64.4%(1.30) | 60.9%(1.38) 94.5%(0.89) | 68.3%(1.23) | 52.0%(1.62)
15| P | 80.0 59.2 (1.35) | 70.5%(1.13) | 78.5 (1.02) | 41.6%(1.92) | 60.2*(1.33) | 58.3%(1.37) 93.7*%(0.85) | 64.7%(1.24) | 50.3%(1.59)
16| P| 82.0 63.6 (1.29) | 75.7*(1.08) | 81.4 (1.01) | 43.1%(1.90) | 62.5%(1.31) | 59.7%(1.37) 94.1%(0.87) | 66.7*%(1.23) | 51.2*(1.60)
17| P| 80.0 59.9 (1.34) | 71.2%(1.12) | 78.9 (1.01) | 41.8%(1.91) | 60.4%(1.32) | 58.4%(1.37) 93.1%(0.86) | 64.9%(1.23) | 50.2%(1.59)
18 P| 78.0 55.1 (1.42) | 65.6%(1.19) | 75.8 (1.03) | 40.1*(1.95) | 57.9%(1.35) | 56.8*(1.37) 92.5%(0.84) | 62.7%(1.24) | 49.2%(1.59)
19| P| 84.0 67.1 (1.25) | 79.9%(1.05) | 83.6 (1.00) | 44.2%(1.90) | 64.2%(1.31) | 60.8*(1.38) 94.5%(0.89) | 68.1%(1.23) [ 51.9%(1.62)
20| P| 84.0 62.7 (1.34) | 74.6%(1.13) | 80.8 (1.04) | 42.8%(1.96) | 62.0%(1.35) | 59.4*(1.41) 94.0%(0.89) | 66.3%(1.27) | 51.0%(1.65)
21| P| 90.5 76.9 (1.18) (101.7%(0.89) | 89.5 (1.01) | 52.6%(1.72) | 71.2%(1.27) | 67.4%(1.34) 89.4%(1.01) | 76.7%(1.18) | 51.4%(1.76)
22| P| 9.0 84.7 (1.11) | 112.2%(0.84) | 93.9 (1.00) | 55.3%(1.70) | 74.8%(1.26) | 69.4%(1.35) 89.7%(1.05) | 79.4*(1.18) | 52.9%(1.78)
23| P |122.0 87.0 (1.40) [126.6%(0.96) | 106.4 (1.15) | 68.8%(1.77) | 91.9%(1.33) | 87.4%(1.40) 134.4%(0.91) |100.1%(1.22) | 64.7%(1.89)
24| P |118.0 92.1 (1.28) |134.0%(0.88) | 109.5 (1.08) | 70.8*(1.67) | 94.6*(1.25) | 88.9%(1.33) | 134.8%(0.88) 102.2*%(1.15) | 65.8%(1.79)
251 P |114.0 { 105.8 (1.08) |183.5%(0.62) | 128.6 (0.89) | 99.1%(1.15) |119.1*(0.96) 111.3%(1.02) {190.5%(0.60) [127.2%(0.90) | 80.2%(1.42)
26 | P [140.5 | 116.2 (1.21) | 201.6%(0.70) | 134.8 (1.04) |103.9%(1.35) |125.0%(1.12) 114.9%(1.22) [191.3*(0.73) [132.1%(1.06) | 82.4%(1.71)
27| P| 81.0 51.7 (1.57) | 85.8%(0.94) | 71.9 (1.13) | 44.3%(1.83) | 71.0%(1.14) | 65.7%(1.23) 95.7%(0.85) | 69.8*(1.16) | 49.1*(1.65)
28| S| 86.0 47.9 (1.80) [ 79.6 (1.08) | 69.2 (1.24) | 42.6 (2.02) | 68.3 (1.26) | 64.1 (1.34) | 95.2 (0.90) | 67.7 (1.27) | 48.2 (1.78)
29| S| 96.0 57.4 (1.67) | 84.8 (1.13) | 80.4 (1.19) | 44.0 (2.18) | 73.8 (1.30) | 68.2 (1.41) | 95.6 (1.00) | 71.8 (1.34) | 48.9 (1.96)
30| S]100.0 56.5 (1.77) | 83.4 (1.20) | 79.7 (1.25) | 43.6 (2.29) | 73.2- (1.37) | 67.8 (1.47) | 95.5 (1.05) | 71.4 (1.40) | 48.7 (2.05)
31| S| 84.0 64.4 (1.30) | 162.6 (0.52) | 86.7 (0.97) | 81.1 (1.04) | 93.9 (0.89) | 85.8 (0.98) |129.1 (0.65) | 95.6 (0.88) | 60.0 (1.40)
32| s| 81.0 60.8 (1.33) | 153.4 (0.53) | 84.2 (0.96) | 78.7 (1.03) | 91.1 (0.89) | 84.2 (0.96) |128.8 (0.63) | 93.6 (0.87) | 59.0 (1.37)
331 S| 92.0 63.6 (1.45) | 140.4 (0.66) | 92.1 (1.00) | 75.3 (1.22) | 91.5 (1.01) | 85.9 (1.07) |128.2 (0.72) | 94.6 (0.97) | 57.6 (1.60)
34| S [104.0 75.3 (1.38) | 166.3 (0.63) | 100.2 (1.04) | 82.0 (1.27) | 99.9 (1.04) | 90.8 (1.15) |129.3 (0.80) |101.0 (1.03) | 60.3 (1.72)
35| S|115.0 70.9 (1.62) | 139.1 (0.83) | 103.1 (1.12) 75.0 (1.53) | 95.3 (1.21) | 89.2 (1.29) |128.1 (0.90) | 97.4 (1.18) | 57.4 (2.00)
36| S |117.0 71.2 (1.64) | 139.7 (0.84) | 103.3 (1.13) | 75.2 (1.56) | 95.5 (1.23) | 89.3 (1.31) |128.1 (0.91) | 97.6 (1.20) | 57.5 (2.03)
37| s |118.0 81.9 (1.44) | 250.1 (0.47) | 116.8 (1.01) | 132.2 (0.89) |116.7 (1.01) |108.8 (1.08) |163.6 (0.72) |123.1 (0.96) | 67.6 (1.75)
38| S |[131.0 86.1 (1.52) | 262.9 (0.50) | 119.8 (1.09) | 135.5 (0.97) |119.7 (1.09) |110.5 (1.19) | 163.9 (0.80) |125.4 (1.04) | 68.6 (1.91)
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39| P |148.0 88.6 (1.67) | 240.5%(0.62) | 128.9 (1.15) | 129.6*(1.14) | 119.6*(1.24) | 111.9%(1.32) | 163.3*(0.91) | 125.2%(1.18) | 66.8%(2.22)
40| S |147.0 89.86 (1.64) | 243.7 (0.60) | 129.7 (1.13) | 130.5 (1.13) | 120.4 (1.22)| 112.4 (1.31) | 163.4 (0.90) |125.9 (1.17)| 67.1 (2.19)
41| S |141.0 67.5 (2.09) | 298.3 (0.47) | 100.2 (1.41) | 153.1 (0.92) | 110.9 (1.27)| 98.9 (1.43) | 158.1 (0.89) |106.3 (1.33) | 59.0 (2.39)
421 S |142.0 71.3 (1.99) | 315.0 (0.45) | 103.0 (1.38) | 157.4 (0.90) | 114.1 (1.24)| 100.9 (1.41) | 158.5 (0.90) | 108.7 (1.31) | 59.9 (2.37)
43| S |142.0 80.9 (1.76) | 312.7 (0.45) | 117.3 (1.21) | 156.8>(0.91) | 119.9 (1.18) | 106.3 (1.34) | 158.4 (0.90) |111.8 (1.27) | 59.8 (2.37)
44| S |154.0 84.0 (1.83) | 324.8 (0.47) | 119.5 (1.29) | 159.8 (0.96) | 122.3 (1.26) | 107.8 (1.43) | 158.7 (0.97) |113.6 (1.36) | 60.4 (2.55)
451 P |130.5 | 100.8 (1.29) | 146.3*(0.89) | 122.7 (1.06) | 83.1%(1.57) | 108.7*(1.20) | 98.9*(1.32) | 153.5%(0.85) |111.8*(1.17) | 70.5*(1.85)
46| P |131.5| 108.2 (1.22) | 176.5%(0.75) | 127.2 (1.03) | 86.0%(1.53) | 112.8%(1.17) | 101.4*(1.30) | 154.0%(0.85) |115.1%(1.14) | 71.9%(1.83)
47| P |130.0 | 106.0 (1.23) | 174.9%(0.74) | 117.5 (1.11) | 86.2*%(1.51) | 106.2%(1.22) | 97.7*(1.33) | 146.3*(0.89) |112.3%(1.16) | 71.9*(1.81)
48| P |138.0 | 107.8 (1.28) |178.2%(0.77) | 118.5 (1.16) | 87.0%(1.59) | 107.3*%(1.29) | 98.3%(1.40) | 146.4*(0.94) |113.1%(1.22) | 72.3*(1.91)
491 P 1131.0 | 103.5 (1.27) | 175.2%(0.75) | 116.1 (1.13) | 87.2*(1.50) | 104.4%(1.25) | 97.0%(1.35) | 144.5%(0.91) | 112.0%(1.17) | 72.3*(1.81)
50| D |133.5] 101.7%(1.31) [ 171.9 (0.78) | 115.0%(1.16) | 86.4 (1.55) |103.3 (1.29) | 96.4 (1.38) | l44.4 (0.92) [111.2 (1.20) | 71.9 (1.86)
51| D |128.0 | 100.4*(1.27) |153.9 (0.83) | 114.2%(1.12) | 77.9 (1.64) | 97.8 (1.31)| 91.3 (1.40){138.5 (0.92) |105.5 (1.21) | 70.4 (1.82)
52| D |126.0 | 102.4%(1.23) | 156.9 (0.80) | 115.4*(1.09) | 78.7 (1.60) | 98.7 (1.28)| 91.9 (1.37) | 138.6 (0.91) {106.3 (1.19) | 70.8 (1.78)
53| D |116.0 99.6%(1.16) | 154.8 (0.75) | 113.9%(1.02) | 78.7 (1.47) | 106.6 (1.09) | 100.1 (1.16) | 149.4 (0.78) |115.0 (1.01) | 72.8 (1.59)
54| D |124.0 98.9%(1.25) | 153.7 (0.81) | 113.5%(1.09) | 78.4 (1.58) | 106.1 (1.17) | 99.9 (1.24) | 149.4 (0.83) |114.6 (1.08) | 72.6 (1.71)
55| D |122.0 | 107.2%(1.14) | 177.2 (0.69) | 118.1*%(1.03) | 86.9 (1.40) |110.6 (1.10) | 104.4 (1.17) | 148.1 (0.82) [119.1 (1.02) | 76.9 (1.59)
56 | D.|110.0 | 102.5%(1.07) | 169.4 (0.65) | 115.4*(0.95) | 84.9 (1.30) | 108.1 (1.02) | 103.0 (1.07) | 147.8 (0.74) |117.3 (0.94) | 75.9 (1.45)
57| P | 78.0 64.0 (1.22) | 76.4%(1.02) | 82.8 (0.94) | 37.5%(2.08) | 62.8%(1.24) | 57.0%(1.37) | 71.9%(1.08) | 62.4%*(1.25) | 42.0%(1.86)
58| P | 80.0 64.0 (1.25) | 76.4%(1.05) | 82.8 (0.97) | 37.5%(2.13) | 62.8%(1.27) | 57.0%(1.40) | 71.9%(1.11) | 62.4%(1.28) | 42.0%(1.90)
59| P | 55.0 61.0 (0.90) | 56.4*(0.98) | 67.4 (0.82) | 28.4%(1.94) | 42.0%(1.31)| 38.6*(1.42) | 50.5%(1.09) | 43.7%(1.26) | 35.9%(1.53)
60| P | 59.0 61.0 (0.97) | 56.4%(1.05) | 67.4 (0.88) | 28.4%(2.08) | 42.0%(1.40) | 38.6*(1.53) | 50.5%(1.17) | 43.7*(1.35) | 35.9%(1.64)
61| P 1160.0 | 105.9 (1.51) | 230.3*(0.69) | 137.4 (1.16) | 113.5%(1.41) | 126.6*(1.26) | 111.9%(1.43) | 180.6%(0.89) | 120.9%(1.32) | 75.0%(2.13)
62| P 1166.5 | 105.5 (1.58) | 229.5%(0.73) | 137.2 (1.21) | 113.3*(1.47) |126.3%(1.32) | 111.8*(1.49) | 180.6%(0.92) |120.7*%(1.38) | 74.9%(2.22)
63| P |176.0 77.1 (2.28) | 244.2%(0.72) | 112.6 (1.56) | 119.0*(1.48) |129.0%(1.36) | 115.1*(1.53) | 190.1*(0.93) | 117.8%(1:49) | 71.7%(2.45)
64| P |169.5 77.0 (2.20) | 224.2%(0.76) | 112.6 (1.51) | 119.0%(1.42) |129.0%(1.31) | 115.1%(1.47) | 190.1*(0.89) | 117.8*(1.44) | 71.7%(2.36)
65| D [142.0 74.2%(1.91) | 158.0 (0.90) | 90.4*(1.57) | 78.4 (1.81) |[103.2 (1.38) | 95.2 (1.49) | 153.2 (0.93) |104.7 (1.36) | 71.1 (2.00)
66 | D |132.0 75.7%(1.74) [ 160.9 (0.82) | 91.3*%(1.45) | 79.2 (1.67) {104.2 (1.27) | 95.8 (1.38) | 153.4 (0.86) |105.5 (1.25) | 71.4 (1.85)
67 | D |104.0 77.8%(1.34) | 133.4 (0.78) | 85.9%(1.21) | 64.7 (1.61) | 93.3 (1.11) | 87.0 (1.20) |134.3 (0.77) | 97.2 (1.07) | 71.9 (1.45)
68| D |114.0 76.2%(1.50) | 130.5 (0.87) | 84.0%(1.36) | 64.0 (1.78) | 92.3 (1.24) | 86.4 (1.32) |134.1 (0.85) | 96.4 (1.18) | 71.5 (1.59)
69 | D |124.0 76.5%(1.62) | 131.0 (0.95) | 91.8%(1.35) | 64.1 (1.93) [104.9 (1.18) | 96.2 (1.29) |153.5 (0.81) |106.0 (1.17) | 71.6 (1.73)
70 | D [118.0 75.2*%(1.57) | 129.1 (0.91) | 91.0*%(1.30) | 63.6 (1.86) [104.1 (1.13) | 95.7 (1.23) |153.4 (0.77) 1105.3 (1.12) | 71.3 (1.65)
71| D |146.0 73.9%(1.98) | 185.5 (0.79) | 90.2%(1.62) | 92.3 (1.58) [103.0 (1.42) | 95.0 (1.54) |153.2 (0.95) |104.6 (1.40) [ 71.0 (2.06)
72| D |153.0 74.8%(2.05) | 187.6 (0.82) | 90.8%(1.69) | 92.8 (1.65) [103.7 (1.48) | 95.4 (1.60) |153.3 (1.00) |105.0 (1.46) | 71.2 (2.15)
73| D |132.0 75.3%(1.75) {177.9 (0.74) | 91.1%(1.45) | 87.7 (1.51) |[114.5 (1.15) | 106.2 (1.24) |168.7 (0.78) |115.6 (1.14) | 76.0 (1.74)
741 D |142.0 74.5%(1.91) | 175.9 (0.81) | 90.6*(1.57) | 87.2 (1.63) |113.8 (1.25) | 105.8 (1.34) | 168.6 (0.84) |115.1 (1.23) | 75.8 (1.87)
75| D |146.0 73.6%(1.98) | 173.9 (0.84) | 110.1*(1.33) | 86.7 (1.68) {138.0 (1.06) | 124.9 (1.17) |168.5 (0.87) [128.5 (1.14) | 75.6 (1.93)
76| D [145.0 75.3*%(1.93) | 177.9 (0.82) | 107.1*%(1.35) | 87.7 (1.65) [139.7 (1.04) | 126.0 (1.15) |168.7 (0.86) |129.7 (1.12) | 76.0 (1.91)
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HEHCHETE 7 £ 18

®R—403) ¢ AWM KRBE HEE R
(ton)
E:3 E&ﬁ%ﬁn R CRe ’82 Fik A C 1 Code Hognestad |Elstner- q Whitney Moe FHH - HEE - B
Hognesta
= EXERE — F @ N F T — B @ WNoF T
Py Py Py u Py Py Py Py Py
— P — P, ) |Pcal  ( ) |Pcal (— ) |Pcal (——) |Pcal (——) |Pcal (——) [Pcal (—)
*% | p, | Feal ( Pcal) cal (Pcal) cal <Pcal a P peal Peal P Poal Peal
77| D [126.0 55.0%(2.29) |-161.3 (0.78) | 80.1%(1.57) | 87.2 (1.44) | 96.3 (1.31) | 91.2 (1.38) | 160.5 (0.79) | 99.0 (1.27) | 66.8 (1.89)
78| D |126.0 54.3%(2.32) | 159.8 (0.79) | 79.6%(1.58) | 86.6 (1.45) | 95.8 (1.32) | 91.0 (1.38) | 160.4 (0.79) | 98.6 (1.28) | 66.6 (1.89)
79| D [136.5 59.9%(2.28) | 159.8 (0.85) | 87.7*(1.56) | 86.8 (1.57) | 9975 (1.37) | 93.8 (1.46) | 160.4 (0.85) |100.7 (1.36) | 66.6 (2.05)
80| D {128.0 57.2%(2.24) | 152.6 (0.84) | 85.6%(1.50) | 84.8 (1.51) | 97.1 (1.32) | 92.3 (1.39) | 159.8 (0.80) | 98.7 (1.30) | 65.9 (1.94)
81 | D-P|142.0 65.2%(2.18) | 159.8*%(0.89) | 95.5%(1.49) | 86.7*(1.64) | 103.0%(1.38) 96.5%(1.47) | 160.4%(0.89) |102.4%(1.39) | 66.6%(2.13)
82| D-P|144.0 66.8%(2.16) | 163.4%(0.88) | 96.7*%(1.49) | 87.7*(1.64) | 104.2%(1.38) 97.2%(1.48) | 160.7*(0.90) |103.4%*(1.39) | 67.0%(2.15)
83| D-P|153.0 72.0%(2.13) | 162.7%(0.94) | 104.5%(1.46) | 87.5%(1.75) | 107.3%(1.43) 99.7%(1.53) | 160.7%(0.95) |104.7*(1.46) | 66.9%(2.29)
84| P |154.0 67.5 (2.28) | 152.6%(1.01) | 101.3 (1.52) | 84.8*(1.82) | 103.7*(1.49) 97.4%(1.58) | 159.8%(0.96) [101.8*%(1.51) | 65.9%(2.34)
85| D [150.0 54.2%(2.77) | 211.8 (0.71) | 79.5%(1.89) |115.2 (1.30) | 95.7 (1.57) | 90.8 (1.65) | 160.4 (0.94) | 98.5 (1.52) | 66.6 (2.25)
86| D [152.0 55.1%(2.76) | 217.5 (0.70) | 80.2%(1.90) |116.2 (1.31) | 96.6 (1.57) | 91.4 (1.66) | 160.6 (0.95) | 99.2 (1.53) | 66.8 (2.28)
87| D [147.0 61.2%(2.40) | 197.6 (0.74) | 88.6%(1.66) |106.0 (1.39) | 100.7 (1.46) | 94.5 (1.56) | 160.7 (0.91) |[101.6 (1.45) | 67.0 (2.19)
88| D [150.0 60.9%(2.46) | 196.7 (0.76) | 88.4%(1.70) [105.7 (1.42) | 100.4 (1.49) | 94.3 (1.59) | 160.7 (0.93) |101.4 (1.48) | 66.9 (2.24)
89| P |134.0 69.5 (1.93) | 126.9%(1.06) | 102.6 (1.31) | 69.5%(1.93) | 105.3*%(1.27) | 98.4%(1.36) | 154.0%(0.87) 103.1*(1.30) | 66.4%(2.02)
90| P [130.0 74.2 (1.75) | 135.6%(0.96) | 106.1 (1.23) | 71.8%(1.81) |109.0%(1.19) | 100.8%(1.29) 154.9%(0.84) [106.1%(1.23) | 67.4%(1.93)
91| D |146.0 49.4%(2.96) | 214.7 (0.68) | 72.0%(2.03) |116.0 (1.26) | 92.5 (1.58) | 88.3 (1.65) | 160.5 (0.91) | 96.6 (1.51) | 66.8 (2.19)
92| D [142.0 51.4%(2.76) | 223.3 (0.64) | 73.5%(1.93) |118.3 (1.20) |- 94.5 (1.50) | 89.5 (1.59) | 161.0 (0.88) | 98.2 (1.45) | 67.4 (2.11)
93| D [144.0 55.8%(2.58) | 198.5 (0.73) | 80.7%(1.78) |106.2 (1.36) | 97.2 (1.48) | 91.8 (1.57) | 160.8 (0.90) | 99.7 (1.44) | 67.1 (2.15)
94| D |144.0 53.9%(2.67) | 191.5 (0.75) | 79.3*(1.82) |[104.3 (1.38) | 95.4 (1.51) | 90.7 (1.59) | 160.3 (0.90) | 98.3 (1.46) | 66.5 (2.17)
95| P (132.0 64.8 (2.04) [ 128.1*%(1.03) | 95.2 (1.39) | 69.9%(1.89) |102.5%(1.29) | 96.1%(1.37) 154.1%(0.86) [102.0%(1.29) | 66.5%(1.98)
9 | P (134.0 64.8 (2.07) | 128.1%(1.05) | 95.2 (1.41) | 69.9%(1.92) | 102.5%(1.31) | 96.1%(1.39) | 154.1*(0.87) 102.0%(1.32) | 66.5%(2.02)
97 | P |112.0 72.3 (1.55) | 108.9%(1.03) | 104.7 (1.07) | 58.4%(1.92) | 107.5%(1.04) | 99.9%(1.12) | 138.2%(0.81) 104.9%(1.07) | 67.0%(1.67)
98| P |[112.5 69.9 (1.61) | 105.1%(1.07) |102.9 (1.09) | 57.4*(1.96) | 105.5%(1.07) | 98.6*(1.14) | 137.8%(0.82) |103.3%*(1.09) 66.4%(1.69)
iR A 2] *1.96 *0.93 *1.46 *1.74 *1.26 *1.35 *0.90 *1.23 *1.79
W % "/ = 0.537 0.148 0.279 0.226 0.112 0.121 0.108 0.127 0.326
BEE (%) 27.4 15.9 19.1 13.0 8.9 9.0 12.0 10.3 18.2
o ¥ s 1.48 0.74 1.12 1.43 1.25 1.35 0.86 1.24 1.9
Q) B R = 0.361 0.170 0.174 0.331 0.172 0.177 0.089 0.180 0.324
ZEEBE (%) 24.4 23.0 15.5 23.1 13.8 13.1 10.3 14.5 16.5
o %3 1.65 1.66 1.26 1.35 0.88 1.24 1.88
B B R = 0.482 0.271 0.145 0.152 0.100 0.156 0.336
BEE (%) 29.2 16.3 11.5 11.3 11.4 12.6 17.9
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ﬁﬁﬁi%%né4$<wi%ﬂz7—+>7@%A%mﬁu%féiﬁmﬁ%

F—5(1) BERIC L3 AW HHEER & EERIEO

(ton)
B K& — B M VAR 3‘§> 4 [1:] ?
3 . Py u
5| EBRME Peal  ( ) Pcal  ( ) Pcal  ( )
Pu Pcal Pcal Pcal

1 35.1 35.5 (0.99) 30.9%(1.14) 41.8 (0.84)
2 34.0 36.4 (0.93) 31.7%(1.07) 42.9 (0.79)
3 42.8 61.6 (0.70) 47.5%(0.90) 78.2 (0.55)
4 44 .4 57.8 (0.77) 44.6%(1.00) 73.5 (0.60)
5 87.5 90.1 (0.97) 96.4%(0.91) 86.4 (1.01)
6 100 95.1 (1.05) 101.6*%(0.98) 91.2 (1.10)
7 132 153.9 (0.86) 179.0 (0.74) 130.8%(1.01)
8 146 153.9 (0.95) 179.0 (0.82) 130.8%(1.12)
9 78.4 91.8 (0.85) 78.3%(1.00) 109.1 (0.72)
10 84 94.8 (0.89) 80.9%(1.04) 112.7 (0.75)
11 83 87.8 (0.95) 74.9%(1.11) 104.4 (0.80)
12 83.5 86.4 (0.97) 73.8%(1.13) 102.7 (0.81)
13 82 91.1 (0.90) 77.7*%(1.06) 108.3 (0.76)
14 84 92.5 (0.91) 78.9%(1.06) 109.9 (0.76)
15 80 86.4 (0.93) 73.7%(1.09) 102.7 (0.78)
16 82 89.7 (0.91) 76.5%(1.07) 106.6 (0.77)
17 80 86.6 (0.92) 73.9%(1.08) 103.0 (0.78)
18 78 83.1 (0.94) 70.9%(1.10) 98.8 (0.79)
19 84 92.3 (0.91) 78.7%(1.07) 109.7 (0.77)
20 84 89.0 (0.94) 75.9%(1.11) 105.8 (0.79)
21 90.5 92.9 (0.97) 87.7*%(1.03) 101.8 (0.89)
22 94 98.4 (0.96) 92.8%(1.01) 107.8 (0.87)
23 122 122.4 (1.00) 114.7%(1.06) 134.5 (0.91)
24 118 126.4 (0.93) 118.4%(1.00) 138.9 (0.85)
25 144 158.1 (0.91) 146.1%(0.99) 174.2 (0.83)
26 140.5 166.7 (0.84) 154.0%(0.91) 183.6 (0.77)
27 81 79.7 (1.02) 86.9%(0.93) 74.6 (1.09)
28 86 76.3 (1.13) 83.3 (1.03) 71.4%(1.20)
29 96 85.0 (1.13) 86.3 (1.11) 85.8%(1.12)
30 100 84.2 (1.19) 85.5 (1.17) 85.0%(1.18)
31 84 114.4 (0.73) 134.9 (0.62) 97.9%(0.86)
32 81 110.6 (0.73) 130.0 (0.62) 94.6%(0.86)
33 92 113.7 (0.81) 123.9 (0.74) 107.1%(0.86)
34 104 125.4 (0.83) 136.7 (0.76) 118.1%(0.88)
35 115 121.7 (0.95) 123.3 (0.93) 123.6*%(0.93)
36 117 122.0 (0.96) 123.6 (0.95) 123.9%(0.94)
37 118 151.7 (0.78) 163.9 (0.72) 143.6%(0.82)
38 131 156.1 (0.84) 168.7 (0.78) 147.8%(0.89)
39 148 159.7 (0.93) 160.4%(0.92) 163.1 (0.91)
40 147 160.9 (0.91) 161.6 (0.91) 164.3%(0.89)
41 141 161.2 (0.87) 184.1 (0.77) 141.8%(0.99)
42 142 166.4 (0.85) 190.2 (0.75) 146.4%(0.97)
43 142 176.5 (0.80) 189.3 (0.76) 167.4%(0.85)
44 154 180.5 (0.85) 193.6 (0.80) 171.2%(0.90)
45 130.5 150.6 (0.87) 135.5%(0.96) 167.7 (0.78)
46 131.5 157.2 (0.84) 141.5%(0.93) 175.0 (0.75)
47 130 145.7 (0.89) 142.8%¢0.91) 173.4 (0.75)
48 138 147.3 (0.94) 144.3%(0.96) 175.3 (0.79)
49 131 139.2 (0.94) 147.1%(0.89) 173.0 (0.76)
50 133.5 137.7%(0.97) 145.5 (0.92) 171.1 (0.78)
51 128 133.9%(0.96) 135.2 (0.95) 167.3 (0.77)
52 126 135.5*%(0.93) 136.8 (0.92) 169.3 (0.74)
53 116 132.9%(0.87) 132.7 (0.87) 159.2 (0.73)
54 124 132.3%(0.94) 132.2 (0.94) 158.4 (0.78)
55 122 125.2%(0.97) 135.9 (0.90) 161.8 (0.75)
56 110 121.9%(0.90) 132.2 (0.83) 157.5 (0.70)
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REMK - LB

£—5(2) REANICL 24 AW DHEEE & B O

&R &H — 5 @ N F T [ <]
P,
g %‘ %&ﬁ Pcal ( u ) Pcal ( Pu ) Pcal ( Pu )
Py Pcal Pcal Pcal
57 78 85.0 (0.92) 78.1%(1.00) 94.9 (0.82)
58 80 85.0 (0.94) 78.1%(1.02) 94.9 (0.84)
59 55 67.7 (0.81) 50.8%(1.08) 87.3 (0.63)
60 59 67.7 (0.87) 50.8%(1.16) 87.3 (0.68)
61 160 1 185.8 (0.86) 165.2%(0.97) |. 209.8 (0.76)
62 166.5 185.4 (0.90) 164.9%(1.01) 209.3 (0.80)
63 176 171.7 (1.02) 183.7*%(0.96) 209.8 (0.84)
64 169.5 171.7 (0.99) 183.6%(0.92) 209.8 (G.81)
65 142 127.9%(1.11) 147.0 (0.97) 173.9 (0.82)
66 132 129.3%(1.02) 148.8 (0.89) 175.9 (0.75)
67 104 105.0%(0.99) 129.6 (0.80) 156.4 (0.67)
68 114 103.6%(1.10) 127.9 (0.89) 154.3 (0.74)
69 124 117.3%(1.06) 130.1 (0.95) 145.9 (0.85)
70 118 116.2%(1.02) 129.5 (0.91) 144.6 (0.82)
71 146 142.8%(1.02) 170.5 (0.86) 216.4 (0.67)
72 153 143.8%(1.06) 171.7 (0.89) 217.8 (0.70)
73 132 121.9%(1.08) 160.1 (0.82) 156.6 (0.84)
74 142 121.1%(1.17) 159.0 (0.89) 155.6 (0.91)
75 146 155.5%(0.94) 157.9 (0.92) 154.5 (0.94)
76 145 157.6%(0.92) 160.1 (0.91) 156.6 (0.93)
77 126 121.6%(1.04) 145.0 (0.87) 159.7 (0.79)
78 126 120.8%(1.04) 144.0 (0.87) 158.7 (0.79)
79 136.5 127.5%(1.07) 144.3 (0.95) 165.4 (0.83)
80 128 124.2%(1.03) 140.6 (0.91) 161.2 (0.79)
81 142 133.7*%(1.06) 144.1%(0.99) 171.6 (0.83)
82 144 135.5%(1.06) 146.0%(0.99) 173.9 (0.85)
83 153 141.5%(1.08) 145.5%(1.05) 179.7 (0.85)
84 154 136.9 (1.13) 140.7%(1.09) 173.9 (0.89)
85 150 151.1%(0.99) 191.1 (0.78) 225.9 (0.66)
86 152 152.6%*(1.00) 193.0 (0.79) 228.1 (0.67)
87 147 142.8%(1.03) 166.9 (0.88) 196.6 (0.75)
88 150 142.4%(1.05) 166.4 (0.90) 196.0 (0.77)
89 134 127.8 (1.05) 127.0%(1.06) 154.3 (0.87)
90 130 132.6 (0.98) 131.7%(0.99) 160.1 (0.81)
91 146 145.8%(1.00) 192.6 (0.76) 221.1 (0.66)
92 142 149.0%(0.95) 196.8 (0.72) 226.1 (0.63)
93 144 136.5%(1.05) 167.2 (0.86) 190.4 (0.76)
94 144 133.9%(1.08) 164.0 (0.88) 186.7 (0.77)
95 132 122.1 (1.08) 127.7%(1.03) 148.7 (0.89)
96 134 122.1 (1.10) 127.7%(1.05) 148.8 (0.90)
97 112 121.1 (0.92) 117.2%(0.96) 139.6 (0.80)
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A Study on Elastic Waves in a Plate Subjected to Impact Loads on Its Free Edge

Masashi DaiMARUYA, Masachika NarTod, Kouhei HAMADA,

and Yasuo NARA

Abstract

Elastic waves in a plate subjected to impact loads on its free edge, especially the Rayleigh surface waves,
are investegated experimentally and theoretically. Time histories of elastic strain waves in a steel plate, gener-
ated by impacts with steel balls and uniform steel bars, are measured on the surface and free edge of the plate.
The experimental observation showed that no dispersion of surface waves propagating along the edge of the
plate occured while body waves along the surface were rapidly attenuated with the distance of propagation.
Theoretical calculations are carried out for the case of an impulsive, distributed load applied on the free edge
of a plate. The theoretical prediction also showed that dominant waves propagating along the free edge of a

plate were the Rayleigh surface waves. Theoretical predictions almost agreed with the experimental results.
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An Experimental Study on a Small Propeller Type of Wind Turbine,
4th Seport

—— Estimation on the turbine power characteristics in natural winds
K. OkupA and H. YAMAGISHI

Abstract

The authors have reported the field test results of a small propeller type of wind turbine in natural winds
since 1978. It is confirmed from the results that the wind turbine power has increased proportionally te the
third power of wind velocity, also as implied by the wind turbine theory, from the test results of data averaged
in each 10 minute time range.

In this paper, the test results are reported for 0.5 kW wind turbine made by Elektro—G. m. b. H. in Switzer-
land, for natural winds in 1981 and '82. The observed data are consisted of two parts, one is the data of
“short” periods for less than one hour, at sampling time intervals for less than one minute and the other the
data of “long” periods for about one month, at sampling time intervals for one minute. The former are investi-
gated and analysed for the power—correspondence of the wind turbine to the wind fluctuations in short

periods and the latter for estimation of the turbine power characteristics in long periods.
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Impact Sound Radiated from the End Surfaces of a Ram
Kohshi NisHIDA and Toshiaki YosHII

Abstract

In this paper, the pressure wave form of the impact sound is discussed theoretically and experimentally,
which is radiated from the end surfaces of a ram in the deformation pr(}cess of a billet. The impact sound may
be attributed to air pulses caused by the sudden acceleration of the ram. The impact sound wave at a field
point is calculated by superimposing those emitted from the divided small elementary areas of the end sur-
faces. In the calculation, it is assumed that the approximate acceleration of the ram changes sinusoidally, and
that the shelter effect due to the ram can be ignored when the wave length of impact sound is larger than the
dimensions of the ram.

The superimposed sound pressure wave forms agree fairly well with those measured by laboratory experi-

ment, and show fairly well the change of wave forms due to different measuring points.
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A Probe for Automatic Measurement of Spatial Acoustic Intensity
Kohshi NISHIDA and Masao IWAKURA

Abstract

In this paper, a method of measuring acoustic intensity automatically is presented. The method uses measur-
ments of the cross spectrum of the pressures at two closely spaced microphones. The acoustic intensity probe
used is composed of two microphones which are arranged in parallel and with a short distance slided along
‘those axes, and combined symmetrically with respect to a holder axis. The holder can be turned around its
axis by steps of a constant angle for measuring three directional components of an acoustic intensity vector.
The acoustic intensity at a field point can be automatically measured by using such composed microphones. A
transfer function technique is used for approximately correcting the phase—mismatch error between the instru-
mentation of the signal channels of two microphones. This method of measuring acoustic intensity automatical-
ly is actually applied to a visualization technque of the flow pattern of sound energy emitted from one aperture
of an enclosure with a speaker inside.

The experimental results show that the acoustic intensity probe used is an appropriate sensor for the auto-
matic measuremend of spatial acoustic intensity vectors.
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Non-Diaphragm Shock Tube and Shock Waves in Low Temperature
Gases
(First report)

Kazuo MAENO

Abstract

In the present paper an experimental approach for shock waves and shock-condensation phenomena in low
temperature gases (N and R-12) within the limit of —45°C is performed by means of new facilities developed
by combining the non-diaphragm (snap-action) shock tube with cooling by liquid nitrogen. Together with the
- measurements for temprature, incident and reflected velocities of the wave, and pressure history, the experi-
ment of flow visualization is conducted, which shows wall condensation phenomenon of R-12 behind the re-
flected shock wave.

1. INTRODUCTION

Shock tube is one of the prominent apparatuses for the experiments on high speed gasdynamics.
Conventional types‘ of shock tube, however, have the problems of contamination and atmospheric
influx or freezing of water vapor during the exchange of broken diaphragms, so they were not util-
ized to the experiments for the gas below room temperature without complicated contrivance for
the diaphram exchange.” ) This is the reason why many investigations have been restricted to the
gases which were initially in room temperature or in high temperature range.

Recently the necessity of fluid dynamical approaches to such applicative engineering as coolant
recurrence, LNG transportation, and cryogenic superfluid technoiogy has developed enough. Espe-
cially dynamics of multiphase flow or high speed gasdynamics for fluids from room temperature to
cryogenic range have been of great interest. Practical data, however, for these fields are quite in-
adequate.

In this paper the new apparatus for shock experiments in low temperature fluid is contrived,
which unites the non-diaphragm shock tube® ¥ with cooling by liquid nitrogen. Making use of the
apparatus, fundamental parameters, e.g. shock velocities and pressure history, of test gas N» or
R-12 (Freon 12; CClz2F3, dichlorodifluoromethane) are measured to investigate the behavior of
shock waves in low temperature gases. Furthermore the possibility of condensation behind the

shock wave in R-12 is checked up.
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2. EXPERIMENTAL SETUP
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Fig. 1 Experimental setup

The schematic diagram of shock tube apparatus is shown in Fig.1. The outlooks of high-pressure
driver chamber and test section are also‘ represented in Fig. 2 -(a) and 2 -(b), together with the
mechanical assembly of driver section in Fig. 2 -(c). Non-diaphragm (snap-action) shock tube newly
devised has a main piston made of nylon, which is substituted for conventional diaphragm, and
also has an auxiliary nylon piston controlled by an electromagnetic valve for rapid release of rear-
ward high pressure gas. The basic mechanism of this driver section is similar to those reported in
Refs. 3) and 4 ). The volume of high pressure driver is 2700cm®, and maximum usable pressure is
about 500 KPa. Nitrbgen is employed as a driver gas, and the pressure in driver chamber is moni-
tored by semiconductor pressure transducer (TOYODA; PMS-5 H). Behind the high pressure cham-
ber, evacuative section around the valve is settled to move both pistons rearward promptly, and to
prohibit from air regurgitating. On account of the driver mechanism, this shock tube is free from
pollution by broken diaphragm or freezing influx of atmosphere, and many cryogenic operations
are possible with retaining the low pressure chamber in low temperature by liquid nitrogen.

For the driven section, seamless stainless tube of 19.4mm inner diameter is utilized, whose hori-
zontal and straight length is 2.3m. In order to maintain the constant cold conditions or saturation

phase equilibrium, the low pressure tube has 90° bend portion of curvature radius 150mm after the
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Fig. 2 Photographs of experimental apparatus

'straight part, and has also vertical section of about 1m length. The diffraction and disturbances of
shock wave passing through this bend portion are not considered to be so strong in the vertical
downstream region of several times as long as the tube diameter, because the ratio of curvature
radius of the bend to tube radius is the order of 15.” Cooling section with liquid nitrogen, and
vacuum heat shield chamber are also equipped to the vertical tube. The end part of vertical tube is
a glass cylinder of 220mm length for flow visualization or He-Ne laser beam transparency.

The velocities of incident and reflected shock waves are measured from duration between the
trigger signal by a lead zirconate-titanic solid-solution piezoelectric pressure element (Tokin;
NPM-ND 5‘1)) and the steep rise of electrical signal from phototransistor (TPS-603) by passing of
the wave front through He-Ne laser beam. Pressure variation behind the shock is monitored by

semiconductor pressure transducer (TOYODA; PMS-50H) in room temperature gas, and sup-
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plemental pressure monitor by the piezoelectric element (AC signal) is conducted in low tempera-
ture environment. Initial temperature of the gas in test section is measured by CA thermocouple.
Measured data are amplified to be recorded by a storage oscilloscope (Kikusui; DSS-6521). They
can be processed by micromputer (NEC; PC-8801) by way of A-D converter (Microscience:
DAS-1280 BPC). |

The driver section is roughly isolated thermally by multilayer heat shield of aluminium foil and

vinyl sheet, and partly by polymer form, together with the vacuum shield chamber.

3. RESULTS AND DISCUSSION

3 — 1. Fundamental Characteristics of Shock Waves

P4=370[kPa]
P =14.4[kPa] As for the test gas N2 in room temper-

T1-=292 5([K]

v, =550 (n/s) ature T1, measured data are presented in
¥=1.58 Fig. 3, where p4 is driver pressure, p; is

the initial pressure of test gas, vy is inci-

>
-
% dent shock velocity, and M; denotes inci-
o} Q-
;2 dent shock Mach number. Pressure
{ 5 P £ i N
t L] variation behind the incident and re-
200 [usec/Div] flected shock waves is the lower trace,
Fig. 3 Shock pressure signal and phototransistor and signal from phototransistor by He-Ne
signal by He-Ne laser beam for room :
temperature Nz laser beam deffraction is the upper trace.

Rapid pressure increase by the arrival of
P,=308.6 [kPa]

P,=38.8 [kPa) incident/reflected shock wave and steep
T,=292 K]

V1=264[m/51 variation of phototransistor signal by

M=1.74 laser beam diffraction from the passage

of wave front are observed. Disturbed

=
§ laser signal after shock reflection is con-
) sidered to originate from the interaction
™
~
t of reflected shock wave with boundary
500 [usec/Div] layer behind the incident shock.
Fig. 4 Shock pressure and phototransistor signals N o
for R-12 test gas in room temperature Figure 4 indicates the measured data

for test gas of room temperature R-12 (specific heat ratio; ¥ =1.14, sound velocity; a =152m/s,

molecular weight; 120.9, atmospheric boiling point; 243.5K),6) Compared with the results in Fig. 3,
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it is remarked that the diffraction signal
of laser beam behind the shock reflection
shows much more furious disturbances.
This phenomenon occurs from the stron-
ger interaction between the reflected
shock and boundary layer behind the in-
cident shock wave, as the specific heat
ratio of R-12 is far smaller than N,.
Moreover, the condensation at the tube
wall after the reflected shock” and the
condensed droplets behind shock wave
also have strong effect on this phe-
nomenon to scatter the laser beam. Prac-
tically laser beam scattering by very
small condensed droplets can be visible
after the arrivals of reflected shock wave
or contact surface.

Gradual increase of the pressure be-
hind incident shock seems to be origin-
ated by energy relaxation of R-12 mole-
cules with‘ the high degree of intra-
molecular freedom. The measured press-
ure p2 behind the incident wave from the
photographs can be compared with the
results calculated from initial conditions
and measured shock velocity by Rankine-
Hugoniot relations with constant specific
heat ratio. The compared data represent
favorable coincidence for test gas N» as
shown in Fig. 5, while measured ps for
R-12 shows lower distribution than esti-
mated results, which is also due to mo-

lecular relaxation effects. Figure 6 indi-
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cates the data in long time range for
room temperature R-12, from which it
can be seen that the stagnant conditions
behind reflected shock wave are main-
tained for about 20ms after reflection.

As the typical result for test gas R-12
in low temperature, Fig. 7 shows the trig-
ger signal from piezoelectric pressure
element (NPM-ND 54;) in lower trace and
phototransistor signal in upper trace.
This is an example of low initial press-
ure pi, so the condensation effect cannot
be confirmed clearly.

Figure 8 represents the relation be-
tween incident shock Mach number M;
and pressure ratio ps; of driver gas Nz to
test gas Na. Solid line is the calculation
curve for an ideal and onedimensional
shock tube in room temperature. Dashed
line shows the calculated curve for low
temperature Nz, and the difference be-
tween sound velocities of room and low
temperature results in higher distribu-
tion. Measured data for our non-dia-
phragm shock tube indicate lower distri-
butions than the calculation curves, and
including some errors, measured incident
Mach M; for low temperature Nz shows
higher trend than the measurement for
room temperature Nz This tendency
appears also in Fig. 9 and Fig. 10 which
express the relations between the inci-

dent shock Mach number M; and initial
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pressure p; of N2. As shown in these figures, stronger incident shock wave can be obtained from

the lower initial temperature range.
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Fig. 11 Incident shock Mach number M; and
pressure ratio Pax for R-12

A P=356.6~ 359.7(kPa)
Ti= 292.0K)
Measured

- < R=356.3%FPa)

[ ] Ti=247.0 ~ 252. 9K)

a ——. : P4=358(kPa)
4 O i b calculated T1=253.95(K)

' b —— . P4=358(KkPa)
o £4 s * T1=290(X)

=

40
P, ( kPG)
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60

In all cases shown above, it is clarified that the
repetitive operations of our shock tube apparatus
in low temperature range to the degree of —45°C
have no problems.

Figure 11 indicates the relation between M; and
p41 for test gas R-12. Solid line is the calculated
results for ideal shock tube, and owing to the little
difference of sound velocities, estimated curves for
room and low temperature coincide with each
other. In general, measured M; distributes higher
than calculation curve in this experiment. As the
nonequilibrium condensation behind shock wave is
likely considered to diminish the shock strength,
the results in Fig. 11 show some contradiction. In
this figure there can be seen two different tenden-
cies for low temperature R-12. This result
appears also in Fig. 12 which represents incident
Mach distribution to pressure p; of R-12 for fixed
pa of Na. Since some error in the measurement may
be infered, more precise experiments about this
combination of conditions are necessary, including
the reliability check of CA thermocouple and
cooled conditions in test section. Figure 13 shows
the similar relations to Fig. 12 of R-12 for diffe-
rent driver pressure ps of Ny In these figures,

calculated curves are obtained from variable spe-

cific heat ratio ¥ with respect to temperature T given by

7 =1.169+8.2X10"%(T—220)2

for the saturation vapor of R-12.
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3 — 2. Flow Visualization

6.0 {A:m:g)qsa-aoum In our experiment, if the test section is cooled enough
Measured T1=292K .
@ : P4=405.5kPa . . . P - oy .
T a3~ 505K by liquid nitrogen below the equilibrium boiling point of
& . P4=405(kPa)
Calculate *T1=253.95(K) . . .
4ot ¢ “{ . 05 era R-12 under a given pressure p;, condensed liquid phase

T1=290(K)

accumulates at the bottom of cylindrical glass end of the

vertical tube to accomplish liquid-gas phase equilibrium

in test section. The saturation curve of R-12 is presented

in Fig. 14. If the incident or reflected shock wave prog-

0 20 Z;O resses into the gas in such phase equilibrium, flow para-
P (kPa) meters, p and T, behind the shock jump up to the right

Fig. 13 Similar relation between Mi and  hand direction according to Rankine-Hugoniot relations
P1 to Fig. 11 for another fixed

P4 as shown in Fig. 14. The temperature of the gas closely
4 b : adjacent to the wall, however, cannot follow the jump condition, and
condensation effect® ¥ may play an predominant role at solid wall
3 F or liquid surface”.,

’0_; Wall Condition As a matter of course, such molecules of high molecular weight as
E 2.1 R-12 havé many intricate degrees of intramolecular freedom, so the
> different kind of energy relaxations are accompanied with the shock
tr poewe| Jump. Consequently the explanation for such shock wave as in Freon
in equilibrium dose depend on the development of further detailed

01712 27L3.Z ‘ 3732 researches in the aspects of real gas effect.
Fig. 14 EquilibrTiur(n Za)Lturation Figure 15 represents motor-driven photographs of the behavior of
curve of R-12 liquid-gas R-12 phase interface before [(2)] and after [(b)—(f)] shock

reflection. Since the frame speed is slow (maximum speed; 5 frames/sec), incident and reflected
wav‘e fronts cannot be snapshotted. But the first disturbance of interface by shock reflection or
contact surface arrival can be recognized [(b)], along with the far later disturbance by boiling of
liquid phase [(f)]. Condensed liquid film on vertical wall can also be seen in the photograph [(b)].
The high-speed shadowgraphs of the liquid-gas interface are shown in Fig. 16(a)—(h). These sha-
dowgraphs are taken by high speed camera (Osawa; HYCAM 40 — 0004) with the frame speed of
1480 frames/sec. It can be seen from these figures that the condensation layer on glass tube wall
begins to climb up after shock reflection [(2)], though the reflected shock cannot be recorded. Af-

ter clambering the adiabatic glass wall up to the order of cylinder radius, the condensation layer
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@) (b (O

d)

Tl = 248.3K, p; = 13.3KPa

T, = 288.7K, Py = 521.6KPa
Exposure; 32, Shutter speed; 1/250
400ms/frame

Fig. 15 Photographs of liquid-gas interface taken by motor-driven camera ((2);before
shock incidence, (b) - (f); after shock reflection)

starts to vaporize slowly in the stagnant circumstances behind shock reflection and contact surface
interaction [(¢)—(d)]. Some degree of disturbances or vaporizing instability can be observed in Fig.
16(e)—(h). The photographs shown in Fig. 16 clealy corroborate the condensation phenomenon at
cold tube wall behind the reflected shock wave in low temperature R-12. It can be also remarked
that in our experiment the condensation after shock reflection begins to proceed from liquid-gas in-

terface up to the stagnant tube wall.
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o —» + [0.68 ms/frame]

—» t 204 ms

Fig. 16 Shadowgraphs of the behavior of R-12 liquid-gas interface taken by high-speed camera (1480frames/sc
P1=40KPa, T: =255.6K, P14 =520KPa
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4. CONCLUDING REMARKS

A new apparatus of shock wave experiment in low temperature gases is contrived by assorting
the non-diaphragm (snap-action) shock tube with cooling by liquid nitrogen. Measurements are per-
formed for shock waves in N2 and R-12 of temperature range from room conditions to the degree of
—45°C, and fundamental shock wave paramenters are obtained. The operations of our shock tube
in such low temperature range present no problems. Complicated real gas effects on shock be-
havior of R-12 are observed. Among other results obtained, a strong condensation phenomenon at
the tube end wall behind the reflected shock wave in low temperature R-12 is corroborated to ex-
ist from laser beam scattering and flow visualization by high speed shadowgraphs.
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Grain Growth of Aluminium Sheets during Strain-Annealing

Process in Temperature-Gradient Furnace
Kohsuke TAGASHIRA, Masachika Masupa® and kazuyuki Kikuchi

Abstract

Grain growth behaviours in strain-annealing for commercial aluminium have been investigated in relation to
the process parameters such as pre-annealing temperature (380 —6007C), strain (0 — 7 %) and inserting veloc-
ity into the temperature-gradient furnace (1.88—40mm/h). The results are as follows: (1) The growth modes
have been determined on the strain-inserting velocity diagrams. According to these diagrams, the upper critical
velocity for single-crystal growth mode has increased with strain. Bi-crystal growth mode has been occurred
under the conditions of high strain and low inserting velocity. Whereas many fine matrix grains were re-
mained within growing single crystals as island grains under both low strain and high velocity conditions.

(2) It has been made clear that grain boudary energy should play an important role for driving force for
bondary migration as much as strain energy. (3) Orientations of growing grains have been always near
(100) [011], being unaffected by strain and inserting velocity. In the temperature-constant furnace, hewever,
these have been much dispersed from (100) [011] except unstrained specimens. (4) Both the temperature at

the growing front of single cyrstal and the number of island grains have decreased with an increase in strain.

1. Introduction

Strain-annealing process in metallic materials is a series of treatment that stable fine matrix
polycrystalline are strained by less than 10% and then annealed at reasonable temperature. This
process is quite different from the ordinal annealing process for the heavily cold-rolled metal
sheets, because during annealing stage the appearences of nuclei at grain boundaries, within grains
or near surface layers are not usually occurred but do only the normal growth, or the abnormal
one at times, of matrix grains by strain-induced grain boundary migration. So this is sometimes

adopted to obtain large single crystals of metals or alloysl)‘2

’. On such an occasion, the methods
that specimens deformed in a few per cent are inserted into temperature-gradient furnace at very
low uniform velocity is adopted in spite of being kept inside the box-annealing furnace.

The technique in order to obtain single crystals by this process seems to be easy at first sight,
but the optimum conditions or the behaviour of single crystal growth have not been necessarily

discussed clearly and systematically. For example, it is well known that (110) [001] oriented

grains grow abnormally at the sacrefice of other oriented grains when commercial purity Fe-3.25%Si

% Graduate student, Present adress; Musashi Works of Hitachi Ltd, Tokyo.
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alloy sheets are strained to a few per cent and then annealed. For the answer to the question why
only the selective oriented grains grow on this process, the interpretation by Dunn and Nonken®
has been regarded as reasonable that grain boundaries can usually move by means of strain ener-
gy difference between two adjacent grains (strain-induced grain boundary migration) and that
some of the matrix grains having preferred orientation may happen to be low residual strain state
and grow by absorbing adjacent fine matrix grains which are higher strain state. Against these ex-

planation, one of the authors'

has suggested about strain-annealing in Fe--Si alloys having
several kinds of impurity levels that the driving energy for grain growth might not always depend
upon the difference of residual strain energy. They also suggested that the contribution of grain
boundary energy should not be neglected and that the texture formation during strain annealing
may be caused by the behaviour of dissolution and diffusion of impurities in large angle grain
boundaries.

In this paper, the behaviours of grain growth in strain-annealing have been studied in relation

to process parameters for commercial purity aluminium.
2. Experimental Procedures

Materials used here are commercial-purity aluminium sheets of 1.2mm thickness which have been

cold rolled by 70% in thickness. The chemical compositions are shown in Table 1 .

Al Cu‘ I Si Fe Mn Mg Zn Cr Ti

Bal. 0.15l0.10 0.53 ]0.01 tr. | 0.01 tr. | 0.02

Table 1 Chemical compositions of specimen (wt%)

These were cut to the rectangle sheets as the size of 15mm width. 125mm length and 1.2mm thick-
ness. Longitudinal direction of these specimens were to be as same as cold rolling direction. These
were annealed in vaccuum (2.7 X103 Pa) for 2h at the temperature from 380 to 600°C. This heat
treatment will be called as “pre-annealing” from now on. Then they were deformed in strain range
from O to 7 % by Instron type tensile machine at the speed of 0.33mm/s and annealed again (secon-
dary heat treatment) in either the constant-temperature furnace (for 2h at 630C) or the tempera-
ture-gradient furnace (maximum temperature: 630°C). These secondary heat treatments were also
carried out in vaccuum (2.7 X103 Pa).

The apparatus including the temperature-gradient furnace is the similar one which was designed
6).7

in order to make Fe—Si single crystals by one of the authors® "’ The different point for both
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apparatus is that the present one is able to be varied temperature-gradient by sliding the water
cooling jacket in the vertical combustion tube. At the present experience, the temperature gradient
has been settled as 150C/cm at the point of 550°C in the furnace without any specimens (maximum
temperature: 630C). Inserting velocity of the specimens into the furnace were selected from 1.88 to
40mm/h.

Textures after pre-annealing were determined by the X—ray diffraction method (Co—Ka,
30kV, 10mA). The optical gonio-microscopy were used in order to measure orientations of grown

grains after secondary heat treatment.

3. Experimental results and discussions

3.1 Pre-annealing structure

66101216 20

Fig. 1 Pole figures of matrix structure showing contours of equal pole density.
Annealed for 2h at 400C. (a) (100) pole figure, (b) (111)pole figure.
RD: rolling and tensile direction.

Mean grain sizes in matrix structures after pre-annealed for 2h at 380 to 570°C were almost same
of 45 to 50 um . For higher temperature than 590°C , however, abnormally grown grains were
observed in matrix, hence mean grain sizes increased abruptly. Matrix texture formed by pre-
annealing at 400C is shown in Fig. 1 . It is really same as primary recrystallization texture of
heavily cold rolled aluminium sheets. Some of the preferred orientations of matrix structure are
(110) (111), (110) <112), (112) {111) and (456) (121). Although recrystallization textures of the
specimens pre-annealed at 500C and 5507 are not shown here, they are similar to one annealed at
400°C. (100) (011) orientation and its near ones were not so strongly detected by the X—ray dif-
fraction method, but these existences were often certificated by the optical microscopic observation

as shown in Fig. 2.
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Fig. 2
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Matrix structure after pre-annealing
for 2h at 550C. Coarse (100) (011)
grain can be distinguished by ori-
entation etch-pits pattern.

15¢ T
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0 400°C
a 500°C
. ® 550°C
E 10 T
S o ]
v)
£ 6 .
3 S .
© o a
§ 5 o
@
by
0 1 2 3 4 5
Strain(%)
Fig. 3 Relationship between strain and grain

size. Secondarily annealed for 2h at
630C in the temperature-constant
furnace after pre-annealed at various
temperatures and strained.

rized in atmospheric air.

3.2 Grain Growth in Constant-temperature
Furnace

Mean grain sizes of the specimens which were
pre-annealed for 2h at 400, 500 and 550°C, strained
to O to 5% in tension and then carried out secon-
dary heat treatment in the constant temperature fur-
nace are presented in Fig. 3 . According to this fi-
gures, grain sizes are always largest on the speci-
mens which were not strained after pre-annealing
and these decreased with an increase in strain. It
may be thought that the generation frequency of
coarsening grains (seed grains) in matrix structure
increased with strain. This phenomenon is complete-
ly different from grain growth in Fe—3.25%Si
sheets¥. In the case of Fe—Si alloys which were mol-
ten in vaccuum, the grains after strain-annealing
process in constant-temperature furnace were gener-
ally coarsened within the strain range of 0 to 4 %",
It can be applied therefore to guess the optimum
condition to obtain large single crystals in the
temperature-gradient furnace. Similar tendency has
been acknowledged on the commercial purity Fe—Si

But Matsumura and Kamada'”

sheets” . reported
that seed grains were unable to grow on strain-
annealing process in such a low strain level as a few

percent when starting from Fe—3.25%Si decarbu-

(100) pole figures for specimens pre-annealed at 550°C, strained to 0 , 3 and 5% in tension and

then annealed again at 630C were indicated in Figures 4 (a), (b) and (c) respectively. For un-

strained specimens the orientations of growing grains are almost near (100) [011], but it become

apparently dispersed from (100) [011] by strain ratio. This tendency were basically similar to

other pre-annealing temperatures (400 and 500°C). The dispersion from (100) [011] orientation for

unstrained specimens has turned narrower with an increase in pre-annealing temperature.
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RD

(a) i (c)

Fig. 4 (100) pole figures. Pre-anncaled for 2h at 500C, strained to (a) 0%, (b) 3% and
(¢) 5% and then annealed for 2h at 630C in the temperature-constant furnace.

3.3 Grain Growth in the Temperature-Gradient Furnace

Macroscopic structures of specimens annealed in the
temperature-gradient furnace are shown in Fig. 5. These
specimens were inserted into the furnace at 10mm/h after
being pre-annealed at 400C and then deformed to several
kinds of strain ratio. It is observed on the specimens

strained to 0 , 1 and 2.5% that only one grain, s¢ called,

single crystal is growing from the tip of specimen (higher
Fig. 5 Growing grains by strain-annea- temperature side) to matrix (lower temperature side). On
ling process in the temperature-
gradient furnace at the inserting undeformed specimens, however, a lot of fine matrix

velocity of 10 mm/h. Pre-annealed ) i ) ) )
for 2h at 400C and then strained grains (seen as bright spots in Fig. 5 (a) ) are remained
to (a) 0%, (b) 1%, (c) 2.5%, . . e
(d) 3.5%, (e) 4% and (f) 5%. as island grains within single crystal (dark area). At the
Left-hand of specimens 1s low strain ratio of 3.5 and 4 %, a few seed grains are simul-
temperature side.
taneously growing parallel to the longitudinal direction of specimens (bi-crystals). At the strain of
5 %, progress of seed grains to the longitudinal direction seems to be restrained, therefore the
growth mode became in polycrystalline. It may be also pointed out from these photographs that the
growing front of single crystal, which is just the boundary between single crystal and its adjacent
matrix grains, has changed its position from higher temperature side to lower one with an increase
in strain of less than 2.5%. It will be referred at next paragraph.
As mentioned above, lots of matrix grains have been unabsorbed and remained as island grains
within growing single crystals in the case of extra-low strain ratio. Its macroscopic structure is

shown in Fig. 6 . The proportion of single-crystallized grain growth S (total length of single-
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crystallized part per unit width in transverse
direction of specimen) is also shown as function
of distance x along longitudinal direction in Fig.
7 . Incidentally the relationship between strain
and gradient G = dS/dx at the 50% single-
crystallized location are shown in Fig. 8 for

specimens pre-annealed at 400C and inserted

Fig. 6 Fine island grains (light) remained in into the furnace at 5 mm/h.

single crystal (dark). Pre-annealed at . . .
400T, strained to 1% and then inserted Judging from the macroscopic observations,
1?;0 J;ictite??fr;ug;/g}fad]em furnace at G—values have been always more than 9.0 for

single crystals excluding island grains, while

8

the G—values have been less than 6.0 for imper-

A

fect single crystals containing much island

grains. In the case of G—values between 6.0 and

9.0, appearences of single crystal growth are

S

not always corresponding to the G—value. G—

Single-Crystallized Proportion (%)
@»
o

0 values tend to rise in proportion to strain. It
0 2 4 6 8 10 12 14 16 18 20

Distance (mm) may be supported by the fact that driving force

Fig. 7 Relationship between distance (x) and for migration of single crystal front should be
Single-crystallized proportion (S) . . . . .

related to Fig.6. increased with strain ratio. Though the insert-

ing velocities into the furnace are not particularly entered in Fig. 8 . the higher the inserting
velocity the less the G—value for the same strain ratio.

The growth modes after secondary heat treatment are arranged by relating to strain ratio and
inserting velocity as shown in Figures 9 (a), (b) and (c) for three kinds of pre-annealing tempera-
ture. In these figures, single crystal mode (marked by « ) is corresponding to G—value being more
than 9.0, while inperfect single crystal mode containing lots of fine island grains (marked by o)
are corresponding to G—values of 3.5t0 6.0. The area surrounded by two dashed lines and the co-
ordinate axis are conformed with the condition to obtain single crystals without any island grains.
Upper critical inserting velocity for the growth mode of complete single crystals have become in-
creased with an increase in strain ratio having no connection with pre-annealing temperature. It
should be supposed that driving force for boundary migration in unstrained specimens may be
chiefly dependent on only grain boundary energy. On the other hand, as increasing strain ratio the

effect of strain energy due to dislocdtion introduced within fine matrix grains by deformation must

100



Grain Growth of Aluminium Sheets during Strain-Annealing Process in Temperature-Gradient Furnace

= 10° be added to the effect of grain boundary energy.
§~ T Under the strain being more than 4.5%, growth
E o mode has changed to polycrystalline mode (marked
i; 102 by O) except in specimens pre-annealed at 550C
%‘; T °: o and then inserted at extra-low inserting velocity.
EE;’ oo‘;b o, g ° | It might be caused by an increase in the genera-
§ 0 o2 ) - o © Iz tion frequency of seed grains in matrix structure.
5 5 i: ° o% ol i Grain boundary migration may be generally ex-
S ° i 7 pressed by the rate equation,
g , Vo M X P, vrereerrrreeneneeeneeneinn, (1)

0 ! 2 3 4 where M is the boundary mobility and P is the

Strain (%)

Fig. 8 Relationship between log G (=dS/dx driving force.

at 50% single-crystallization) and
strain.

S:total length of single-crystallized
part per unit width in transverse
direction of specimen, x:distance. purity level but not on the driving force. If the

M is expected in some way to depend on the

structure of grain boundary, temperature and im-

matrix grain structure for strain annealing process is quite stable, M may be constant for a given
temperature. If so, V must depend on P for high purity specimens. Disregarding the effects of im-
purities, M and P are given by the equations,

M= Aexp(—Q(H)/kT) ................................................................................ (2)
P:()’b/R)_\L#bZ ANd+(A75/t) .................................................................... (3)
Here T is the absolute temperature, Q (8 ) is the activation energy for grain boundary migration
depending on the misfit angle @ (orientation difference) of the moving boundary, and A is contant
being independent of temperature, 7, is the grain boundary energy, g is sheat modulus, b is
Burgers’ vector of dislocation. A Ny is dislocation density difference between growing single crys-
tal and each matrix grains and also 7s is surface energy difference between them. Third term of
right hand side in Eq. (3) may be negligible when specimen thickness t is remarkably large as com-
pared with average matrix grain size R. Orientation differences between single crystal and matrix
grain are considered to be not so varied with each matrix grain, hence V may be decided by P
rather than M. For the present specimens, R, #, b and t are about 5 X10™° m, 2.5% 10" N/m?,
the order of 3 X10 " m and 1.2Xx1073 m, respectively. Average value of grain boundary energy
should be approximately 2.5X 107" mJ/m® 'V If dislocation density difference could be estimated
as 10° and 2 X 10° /mm? coresponding to strain ratio of 0 and 5%'", then values of V should be

5.2X10°X M and 9.5 X 10°X M (m/s), respectively. Comparing these values with the upper
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Fig. 9 Growth modes related to strain and inserting-

velocity into the temperature-gradient furnace.
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dashed line in Fig. 9, M should be calcu-
lated as 1.4X10™" m"/ J-s.

Dunn and Walter'?

calculated M values
for high-purity aluminium on account of the
experimental results about normal grain
growth by Beck and Sperrym. According
to their caliculation, M was 2X10~ " m%/J:s
for the strong matrix texture case, while M
was 2 X 10 ? m"/J's for the weak matrix
texture case. These values are similar to
the above our values. Though there are
still remained some questions against the
estimation for dislocation density difference
and other, grain boundary energy should
play an important role for the driving force
of boundary migration as much as strain
energy in the present specimens.

The average matrix grain size was
almost same about 50 #m which is indepen-
dent of pre-annealing temperature as men-
tioned in 3.1. It is curious that the range
of complete single crystal mode have be-
come wider as shown in Fig. 9 with pre-
annealing temperature in spite of similar
matrix grain size. But size of (100) grains
which have been rarely observed in pre-
annealed structures are at least twice the
mean diameter of matrix grains as de-
scribed in Fig. 2 . Orientations of these
coarse matrix grain were ascertained to be
almost near (100) [011] as a result of accu-
rate measurement of micro-orientation etch-

pits. If the dislocation density in fine mat-
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rix grains should be supposed to be higher than in coarse ones after low plastic strain ratio, it
may be understood that only a few (100) coarse grain of low strain energy level will be able to be
grown selectively to single crystal by absorbing other oriented fine matrix grains. Agreement on
the relation of grain size to strain ratio between two different kinds of secondary heat treatment
could not be found so much.

In the case of pre-annealing temperature at 550C , high
quality single crystals have been grown even under the

conditions of higher strain ratio of 5 to 7 % and extra-low

inserting velocity (1.88mm/h). It should be assumed from
these results that dislocation density in matrix grains

which were just going to be absorbed by the growing

grains in temperature-gradient furnace might become lower
(e by no means of recrystallization but recovery in the con-
sequence of extra-low inserting velocity, then coarse matrix
grains which ought to be essentially activated to grow
themselves to polycrystalline mode might have been grown
to single crystal mode by each containment phenomenon.

Orientations of grown grains by strain-annealing are

shown in Fig. 10 for several combinations of strain and in-

serting velocity. These are almost near (100) [011] having

(t)

no connection with pre-annealing temperatures and strains.

These (100) oriented grains must have been some of the

Fig. 10 Inverse pole figures of grown matrix grains and grown preferrencially by absorbing the

grains under the following pre-
annealing temperatures and
strains.
(a) 400C,2%, (b) 400C, 3%,
(d 550C,3%, (e) 550C, 5%, (110) [001] grains grown during strain annealing stage of
Left; plane normals,
Right;tensile directions Fe—3.25%Si alloys or not. These are quite different from

other oriented matrix fine grains. But it is unexplained yet

whether this phenomenon may be similar to the case of

the results in the temperature-constant furnace that orientations have been much dispersed from
(100) [011] with the increase of strain ratio as mentioned above paragraph. It is” interesting that
crystallographic indices of migrating directions are limited to near [011]. It is quite different from
the case of solidification of aluminium in which growing directions parallel to columner structure
are (100)'™. On the other hand, by studies on the directional solidification of aluminium alloys,

such as Al-CuAl, Al-Al3Ni etc., growing direction was generally [011]''®  and it is of the
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same as the direction of preferred migration in the present strain-annealing experience. But
whether exact growth mechanism of both cases are similar or not are still unknown.
3.4 Effects of Strain Ratios and Impurities on Temperature at Growing Front of

Single Crystal

, . { T As mentioned in the above pa-
~ { ragraph (3.3), the higher the
S 600 graj )

: strain ratio, the lower the temper-
S
§500 ature at the location of growing
g
] : e fo
%400 l Pre-annedled at400°C for 2hr front of single crystal, that is, the
| |
W ' o boundary between growing single
A Cooling jacket exit
Lol crystal and matrix grains. Besides

32101 23456789 10
Distance  (mm)

Fig. 11 Temperature distribution curve on the semi-infinite length
specimen in the temperature-gradient furnace (in vaccuum) zag. Temperature distribution
The growing front positions of single crystals are shown

by arrows for each strain from O to 4%. along the longitudinal direction of

the morphology of these growing

front is not in straight but in zig-

specimen being regarded as simi-infinite length is indicated in Fig. 11 for the present temperature-
gradient furnace (in vaccuum). Judging from both the experimental results and this figure, actual
temperature at growing front may be estimated to be 600, 585, 560, 515 and 490C for the speci-
mens which were pre-annealed at 550°C and strained in 0, 1,2 .3 and 4 % respectively and
then inserted into the furnace at the velocity of 10mm/h. In the specimens deformed in less than 1
% the location of growing front was defined as a 50% single-crystallized location because of being
unable to measure accurate location due to the existence of many unabsorbed matrix grains.

The reason why the location of growing single crystal front in the temperature-gradient furnace
is switched to lower temperature side by strain might be considered to be due to an increase in
driving force by strain energy and interactions between impurity atoms and dislocation. It is well
known that impurity atoms existing in compounds such as sulfides, nitrides. carbide, etc.. are
effective to disturb the recovery of both strain and the grain boundary migration. These impurities
are usually effective to recovery and recrystallization only under a certain temperature as clar-
ified by Tagashira et al.” | that is the same as dissolving temperature of their compounds. In the
present aluminium specimens, however, restraint temperature for grain growth decreased with
strain.

So the role of impurity atoms does not play as compounds but probably as solid solutions. If lat-

tice diffusion of impurity atoms in Al such as Cu, Si, may be aided by using the dislocations as
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high diffusivity paths. These atoms may be able to diffuse easily from matrix grains (lower

temperature side) to single crystal (higher temperature side). During this process, impurity atoms

may stay temporalily along the boundary between single crystal and its adjacent matrix grains,

but next instance they may be diffuse into single crystal as substitutional atoms by means of

vacancies thermo-equilibriumly generated inside the single crystal. Thus boundary migration may

be promoted by the release from impurity inhibitions. It should be more considered in details.

4. Conclusion

The effects of pre-annealing temperatures, strain ratios and specimen inserting velocities into

temperature-gradient furnace on the strain-annealing behaviour has been studied in commercial

purity aluminium. The following results have been obtained.

(1)

growth modes have been determined on the diagram of strain and specimen inserting velocity.
According to these diagrams, upper critical velocity for single crystal mode has increased
with an increase in strain. It may be estimated that grain boundary energy should play an im-
portant role for the driving force of boundary migration as much as strain energy.
Orientations of grown grains by strain-annealing have been always near (100) [011] being no
affected by strain and inserting velocity. Whereas in the results of strain-annealing in the
temperature-constant furnace these have been much dispersed from (100) [011] excepting un-
deformed specimens.

As the pre-annealing temperature was raised, the condition for single crystal growth mode
spreaded on the strain—inserting velocity diagram. After all, for pre-annealing at higher
temperature single crystals excluding any island grains could be grown even at rapid insert-
ing velocity in the region of higher strain and extra-low inserting velocity.

Mode for poor quality single crystals containing lots of island grains was obtained under the
conditions of lower strain and higher inserting velocity, while bi-crystal mode was generally
done under higher strain and lower inserting velocity.

Both the temperature at the front of growing single crystal and the mumber of remained fine
island grains within single crystal were decreased by strain. It has not been observed in

strain-annealing process on Fe— 3.25%Si alloy including certain kinds of impurities.
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A Study on the Characteristic of Combustion
and Heat Transfer of a Flame
(3rd Report, The Effect of the Ambient

Pressure to the Analogic Jet Flame)
Masayoshi Kobiyama

Abstract

In this report, the effects of the ambient pressure, that is the pressure in the combustion chamber, on the
characteristics of the jet flames were examined with a new pressured combustion chamber to observe the
variation of the flame length, temperature, combustion efficiency and so on. The experiment was performed
with diffusion flames of air and propan gas fuel through a simple gas burner pointed upward and with the ex-
perimental conditions set up to form the analogic jets of which characteristics were not affected by the ambient
pressure at the inlet of combustion chamber. The experimental results of flame lengh and combution efficiency
show that the region of air and fuel velocity ratio is divided into two that is a region affected ambient pressure
and did not affected one.
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Analysis of Radiative Heat Transfer
(6th Report, Difference of characteristic between heating and cooling wall condi-
tions in case of combined heat transfer with radiation and convection between

two parallel plates)
Masayoshi KoBiyama

Abstract

Non-dimensional temperature and Nusselt Number of the combined heat transfer with radiation and convec-
tion take different values whether the temperature codition of the walls are heating walls or the cooling ones
even though the highest and lowest temperatures of these model are same because of the non-linearity of the
temperature. In this report, the problem of combined heat transfer between two parallel plates was analyzed to
clear the difference of characteeistic between heating wall model and cooling one by mean of the numerical
analysis with the treatment of the radiatative heat transfer in conformity of the dimension of the heat transfer
model.
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ON AREAL SPACES BASED ON THE FUNDAMENTAL
FUNCTION F = a2/ 3 (1)

by
Takanori IGARASHI

Abstract

We consider the necessary and sufficient condition for a sufficient for a special areal space A to belong to
the semi-metric class.

§ 0. INTRODUCTION. In the Finsler geometry, a Finsler space with (@ | 8) -metric is, as
well known, a space of which fundamental function is given in the form
0.1 Fup=/a.B) a=detaeyy)" B=by
where a;;(x) is a Riemannian metric and b,(x) is non-zero covariant vector.
We knoxh;, as typical (@ , ) ~metrics, so-called Randers’ metric F= a + f3
[11*, and Kropina's metric F= a2/ [2].
On areal spaces A, G. T. Bollis [ 3] gave metric F= a + 8, a = (det [:(x)p 4 ph D2 B =
bij(x) pips. where gij(x) is a Riemannian metric and b;(x) is a skew-symmetric tensor.
Recently, the author [ 4 ] treatedan areal space A% equipped a fundamental function in the form
0.2) F=a?/pB, «a =[det(ax#)]1/2, A n =ai;'(x)Piﬂ» a;=aj;,
B=e"ban/2, bu=by(x)piphk, by= —bji.
In that paper, the main result which we obtained is such that
THEOREM. When a fundamental function of an avea space A™ is given by (0.2), then the
following two conditions are equivalent:
(1).A% is of semi-metr ic class.
(ii ). The relation (P — o'%) (P/,«?)j— df)) = 0 holds good.
However, it was found that the above theorem holds good, even if we rewtite /3 as

B =[det(b,\;4)]1/2, what we give from now on.

§ 1. PRELIMINARY. We coonsider an n-dimensional areal space A" based on the notion of

the m-dimensional surface-element p.

Let (') be local coordinates and (b4 be local representations of p. In this paper, Latin indices

%) Number in brackts refer lo the referrences at the end of the paper.
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run over 1, 2 ..., n; Greek indices over 1 , 2 , ..., m; where 1 <m<n, and we adopt the Einstein’s
summation convention. Other notations and terminologies are employed as same as those of the
work of A. Kawaguchi [5].
We put a fundamental function of A” as
1.1)  Fap=a?p
(1.2) @ =[det(aan)])?, axn(x, p)=ay(x)piph, a=aj;
B =[det(ba )]1/2’ bar(x, p)=by(x)ps ph b= —bj;.
Next, we define a Legendre’s form of a function ? (v, p) as follows;
(1.3) [so]—(zw ,,,]+(m¢),,(m¢)
where the notation ; means the partial differentiation with respect to p &
Differentiating (1.2) by pk we have
(1.4) a;i= (1/2) ad”ayu;i where a*” ¢;, = a?* wi=04
(1.5 Bii= (1/2) 0" aiu:, where 0 by =t b, = o
If we introduce quantities © {, 6 ¢ such that
(1.6)  Pi=(ma) f=ala;f oi=mp) i=8"4,"
then we obtain:
PROPOSITION 1. Pi=aaypl o i=p"p,p}
Proof). From( 1.4), it follows
i=(1/2)a" aau;7= (1/2)a" qamiam pt ply: ©
=(1/2)a* a0 F 5&P#+ahahipff)
_ =a"%ay p}, and analongously on o {
PROPOSITION 2. P ii==a"ar58 (61— 5 %6 +a%a,
g ?:fz“baﬂbm oo f‘ oo ;‘1+baﬁbij~
proof). It is sufficient that we do with © ff Differentiating # | by p}partially, we have
P &Pi=(" “ai PO F=a" i pEa"at o 0 =a"", faeyo T+a*Pa,,.
substituting the relation
a”;f?aey =(a”aey);f?—a“aey;f= “aaeasyif
into the above representation, we can rewrite as follows;

p“ﬁ B

ae 7 ae
0= —aey;;a 0 "+4°f a;=—(au pt PY)'Ja

8 T+a®” a;
== p3a” 0 T=a); " P I+ ay=—ay 075 P 1P 0= p Bp “+aPay
About @ f,ﬂ we can obtain the right hand analogously. Q.E.D.

Then, with use of Proposition 1 and 2, we can represent the Legender’s forms of ¢ dnd S such

that
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ON AREAL SPACES BASED ON THE FUNDAMENTAL FUNCTION F=4%/8 (1)

.1 Liflel=mayStama)lumayi=eti+ o0
==y P TP =P Pp 44"y,
(1.8) L?f[ﬂ]z-'-ba‘@bmd?d ’— ¢ la 5 b,.
If we define tensors a”;(x, p) and b";(x, p) as
a"y=a;—ays P 1P f, rank(a"%)=n—m,

b =b;—bys 0 [0 ° rank(b"V)=n—m,

(1.9)
then we have:
PROPOSITION 3. Legendere’s form of @ and B are given in the form svch that

L ‘:f[ a lzaaﬂa”ijv L ?f’ (B ]=b“/’)boﬂ..

§2. RESULTS. First of all, we show;
PROPOSITION 4. The Legendere’s form of the fundamental fundamental function given by
(1.1) together with (1.2) is
L= 2L (e =L [B1+ 2P i=a )y (pi—p )
Proof). Starting from F;{=(@?/B),i=2 af "la.{—® B 2p.¢
we rewrite the quantity p; defined by p;=(nF); { as
2.1) pi=F'Fi=2a o= BB i=2p-0¢
by means of (1.3). Applying (1.6) to the fundamenetal fundamental function F, we have the
Legendre's form of F such that Lff [Fl=p ?;f-i—pfp}’, to which we substitute (2.1), then it follows;
2.2) LEF=200—cF+(2pi—af)y(2p—p7).
With use of (2.2) and Proposition 3, we can conclude this proposition. Q.E.D.
By means of the symmetry of a*® and (1 .7) (respectively by means of antisymmetry of v*? and
(1.8) ), we obtain:
PROPOSITIONS. The symmetric part of a (resp. ) statisfies the velation
L?f[ﬂ ]=aaﬂa”,j, (resp. L?j?[.31= 0).
From this proposition, it yields:
PROPOSITION 6. The symmetetric part of the Legender's form of F satisfies the relation
L= 200"+ 2(P =0 Oy (P P)—a )
An areal space in which the relation L<f’8,-) [F]=g“ﬁg”,-,~ holds good is said to bé of “semi-metric
class”, where g"i,=ai]»—aya p,?p?, rank(g”ij)=n—m. and gaﬁ is symmetric.
Now, in conclusion, we obtain the following theorem wich is the same in appearence as the

theorem in [4].

THEOREM. When the fundamental function of an areal space A% is given by (1.1) together with
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(1.2), then following two conditions are equivalent.
(1) A™ belongs to the semi-metric class.
(11). The relation (P (‘;— a (?) (P ﬂ)]— o )= 0 holds good.

Especially we have
COROLLARY. When the fundamental function of an areal space A," is given by (1.1) together
with (1.2), in addition, when the relation, when the relation P i= 0 {holds good, then the space A
belongs to the metric class and class and it is conformal to the Riemannian space whose metvic is a;(x).
Proof). Substiting the relation # {= ¢ %into (2.2), we have L?,ﬂ F]= 24*# a”;; what explains
that 4,” belongs metric class. Moreover, from £ “— o =(na/R) (=0, it yields In(a / ) =c(x).
Putting co(x)=exp(c(x)), we have F= a?/ 8 =colx) @ =co(x) [det(a; (x) P;[H«)]W =[det (a(x) ph bl )]‘/Z,
where d,-]-(x)=exp((2/m)c(x))au(x), it shows the conformality.

(HFI604F 5 A21H  <23)
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Measuring System for Duration Time of Commutation Spark and
Application to the Study of Commutation Spark Number

Yoshio Suzuki, Takaya SAwAI and Toshihiko MATSUDA

Abstract

We have developed measuring system for arc duration time of commutation spark, which is fabricated to ev-
aluate a commutation action of D—C machine quantitavely. The superior features of the developed system are
as follows 1) It is enables measuring of the duration time of commutation spark all of the commutator segment.
2) Accuracy of the system is within 0.1 #s. with 0.5 ms. commutator period (maximum rotation number). 3) It
makes possible the long time automatic measurement. We have measured the duration time of commutation arc
to JEC— 54 commutation spark number. Findings are: 1) The ratio of frequency distribution has two peaks to
the duration time of commutation arc. 2 ) The maximum point of arc duration time in the ratio of frequency
distribution increases according to the commutation spark number. 3 ) Arc duration time depends on brush
materials and revoling speed with the same commutation spark number which is measured with eye. It sug-
gests that evaluation of commutation spark with eye measurement is inaccurate. Hence, quantitave measure-
ment is necessary.
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Abstract

During the left ventricular bypass, it is important to keep the arterial and atrial pressures at a physiological
level to maintain the circulation and at fhe same time to rest the failing heart (recovery of the failing heart).
We have developed a microcomputer based control system for the left ventricular assist pump (LVAP). The
control system regulates the arterial and atrial pressures at a physiological level by adjusting the cardiac out-
put of the LVAP. The superior feature of the control system is that it has an indirect measuring system. The
arterial and atrial pressures are observed from the careful analysis of pressure in the LVAP air chamber. The
assist air pressure shows that the air pressure at the specific momentary points when a diaphragm begins to
move reflects the pressure in proportion to the arterial or atrial pressure. The specific momentary points are
monitored by an optical diaphragm position sensor when a diaphragm begins to move at a systolic or diastolic
period of LVAP, and the pressures at those points are measured by means of a drive air pressure transducer.
A microcomputer obtains the indirectly measured arterial and atrial pressures through the A/D converters.
The control system regulates the cardiac output of LVAP by adjusting the driving conditions (driving pres-
sure, vacuum pressure, ejection duration, and driving rate) according to the indirectly monitored parameters.
The control system consists of an optical diaphragm position sensor, pulse motor driven pressure regulators, a
drive air pressure transducer, and a microcomputer. As a result of in vitro experiments, the control system

regulated the arterial and atrial pressures smoothly at a desired level.

INTRODUCTION

The need for a mechanical circulatory assist device to support the failing heart has been well
recognized. In the United States alone, more than million deaths are due to cardiovascular renal

disease, accounting for about 55 percents of all the deaths. A large proportion of these deaths is
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from coronary arterial disease, and it has been estimated that half of patients who died could have
been helped by mechanical circulatory assistance. Many of these patients are men in the most pro-
ductive years, during which their family responsibilities are greatest. In cardiogenic shock condi-
tions, inadequate cardiac output induces decrease in blood pressure and increase in peripheral re-
sistance. Resultant impaired coronary circulation and venous return would decrease cardiac output
moreover (1),

A LVAP is used as a circulatory assist system to maintain the circulation and to assist the re-
covery of the failing heart in a cardiogenic shock. The artificial pumps are mainly divided into two
groups, i.e., the air driven type and the mechanical driven type. The air driven type artificial
pump is mostly used at many institutes in the world. The pump has several different designs such
as the sack type, diaphragm type, tube type, and pusher plate type. All kinds of these pumps are
the pulsatile pump, namely, the pump expels pulsatile blood flow to the aorta, which is realized by
a back-and-forth motion of the diaphragm or the pusher plate. There are some kinds of blood ac-
cess methods for an assist pump, i.e., the left ventricular apex to aorta, left atrium to aorta, left
atrium to the femoral artery, biventricular bypass, and so on.

The diaphragm type assist pumps was used from the standpoint of that the diaphragm type pump
has the best volume efficiency compa‘red with the other air driven type assist pump. Fig. I shows
the structure of the developed assist pump (2). The assist pump is an air driven diaphragm type
pump. It takes the blood from the left ventricle through the apex and sends the blood to the aorta

(Fig. 2). The assists pump consists of a cannula for the suction of blood, pump body, and a cannu-

la for expelling the blood.

//\’\\
B:Backplate D:Diaphragm H:Housing
V:iValve  A:Air iniet Fig. 2 Transapical-aor
tic left ventricu
Fig. 1 Structure of the developed assist -lar assist pump

pump
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The LVAP has been applied to more than a hundred patients clinically in the world. However,
the results of the clinical applications were not always satisfactory. One of the reasons is thought
that the control system for LVAP to satisfy the request of the human circulation has not been de-
veloped. The various driving mode has been developed, i.e., an asynchronous driving mode, syn-
chronous driving mode, volume triggered driving mode, and so on. In the asynchronous driving
mode, the LVAP is driven with fixed rate independently of the natural heart. It is the most simple
driving mode. In the synchronous driving mode, the LVAP is driven by the driving system syn-
chronizing with R-wave or T-wave of the electrocardiogram. The synchronous driving mode is able
to realize a counterpulsation. The counterpulsation is advantageous from the standpoints of in-
creasing the coronary blood flow and at the same time decreasing the afterload. The volume trig-
gered driving mode is advantageous from the standpoint of antithrombogenisity. However, these
driving modes do not respond adaptively to the hemodynamics during the left ventricular bypass.

We have developed the microcomputer based control system for the LVAP using the only in-
directly monitored parameters, which controls the LVAP responding to the hemodynamics, i.e.,
arterial and atrial pressures. During the left ventricular bypass, it is important to keep the arte-
rial and atrial pressures at a physiological level to maintain the circulation and at the same time to
rest the failing heart (recovery of the failing heart). Realizing such a control system, it is essential
to measure the arterial and atrial pressures. However, the chronic measurements of these parame-
ters are difficult by conventional methods. Careful analysis of an assist pump air chamber re-
vealed the air pressure at the specific momentary point when the diaphragm begins to move re-
flecting pressures proportional to the arterial and atrial pressures. The control system regulates
the arterial and atrial pressures at a physiological level by adjusting the cardiac output of the
LVAP based on an indirectly measured pressures. The cardiac output of LVAP is changed by the

driving conditions, i.e., the driving pressure, vacuum pressure, ejection duration, and the driving

rate.

OPTICAL DIAPHRAGM POSITION SENSOR (3)

Sensing of the instantaneous position of the flexing diaphgragm by the optical sensor is based on
the attenuation of light intensity by its distance from a light source. The design objective of this
sensor was to detect the distance of the diaphragm up to 3 cm (the maximum stroke displacement
of the diaphram in the present pump). The optical sensor consists of a phototransistor (sharp, TP-
550. angular response, 5 degrees) interposed between 2 infrared emitters (sharp, GL-513f, beam

angle, 50 degrees). The sensor is attached to the backplate of a pneumatic pump facing the di-
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aphragm. A white round fabric of 15mm in diameter is attached to the center of the diaphragm as
an optical reflector. The infrared ray reflected by the diaphragm, gives the phototransistor the in-
verse function of the power of the diaphragm displacément..The two infrared emitters are used to
emit intense infrared rays, and thereby give a sufficient signal level to the phototransistor. Also
the alignment of the phototransistor in the middle of the two infrared emitters minimized the effect
of an inclination of the diaphragm at the same distance on the output of the phototransistor. The
block diagram of an optical sensor circuit is shown in Fig. 3. The infrared emitters are flashed in
a series of pulses of 2 KHz to increase the light intensity. The phototransistor circuit is designed
to amplify the light intensity. The phototransistor output is filtered by a band-pass filter. Only the
2 KHz signal is fed into the detector. Since the change in room light is usually slow, such a change
does not affect the phototransistor output. The detector then extracts the diaphragm displacement

signal from the high frequency signal. The signal is linearized by a logarithmic amplifier.

-

0sC
Amp ' 2kHz
Phototransistor Infrared LED
-— Q -— Differentiator %%U_t
L Photo-recetving L1 ¢yyter | petector Linearizer Eout
Circult

Fig. 3 Block diagram of optical sensor circuit

MEASUREMENT OF ARTERIAL AND ATRIAL PRESSURES

Careful analysis of the artificial pump air pressure shows that the air pressure at the specific
momentary point when the diaphragm begins to move reflects the pressure proportional to the
arterial pressure. When the drive air pressure is increased gradually during the systole, this
pressure is transmitted to the blood in the pump through a flexible membrane and therefore the
blood pressure in the pump is also increased slowly. In the beginning of the systolé¢ the pump

pressure is higher than the atrial pressure but lower than the arterial pressure. Therefore the di-
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aphragm can not move during this period. Once the pump pressure exceeds the arterial pressure,
the diaphragm begins to move. The air pressure at this moment reflects the pressure proportional
to the arterial pressure value. The diaphragm movement can be monitored by the optical senser

(see Fig. 4).

Fair=Pa+4Pdiq Pat=Fair*+2Fdiq

start of emptying start of filling

Fig. 4 Principle of arterial and atrial pressure measurements

The atrial pressure may also be determined from the information derived from the artificial
pump air pressure. The principle of determining the atrial pressure from the drive air pressure is
the same as in measuring the arterial pressure. During a diastole in the atrial pressure measuring
mode, the air pressure decreases to an atmospheric pressure slowly. In the beginning of the di-
astole, the air pressure, that is the blood pressure, remains below the arterial pressure but above
the atrial pressure. In this period the diaphragm can not move. Once the air pressure becomes be-
low the atrial pressure, inflow to the pump starts and the optical sensor output exhibits an abrupt
change. The air pressure at this moment is closely correlated with the atrial pressure (see Fig. 4)
(3).

In the normal driving mode the three-way solenoid valve (FSIT-03-3, Chukyo Denki) EM1 switch-
es the driving line back and forth between the pressure and the vacuum accumulator, then the
other solenoid valve EMZ is magnetized to connect the reservior. Before the arterial pressure‘
measuring mode, the air in the resevior is discarded to the atmosphere to decrease the reservior
pressure to 0 mmHg. After the completion of decreasing the reservior pressure, EM2 is also magne-
tized (see Fig. 5).

In the arterial pressure measuring mode, microcomputer (Z 80 based on processor) sends the

control pulses to the pulse mother attached to the pressure regulator (Filldex 11-018, Norgren
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Fig. 5 Block diagram of air circuit

Tokyo Automatic Control Company) to increase the driving pressure slowly, and the microcomput-
er receives the derivative of the diaphragm movement signal (diaphragm velocity signal) and the
drive air pressure through the A/D converters (4). When the diaphragm velocity signal changes
abruply, ie., the assist heart begins to pump blood into the systemic circulation against the arte-
rial pressure, the drive air pressure at that moment is fed into the microcomputer. After the arte-
rial pressure measuring mode, the microcomputer makes the pressure regulator return to the pre-
vious position by means of the pulse motor, and the normal driving mode is continued.

The feasibility of ‘the method of obtaining the arterial pressure by means of the optical sensor
and the drive air pressure transducer was intensively tested by in vitro on a mock circulation. The
mock system consists of an aortic compliance (air cushion chamber), a peripheral resistance (back-
pressure regulator), and an atrial reservior. The pump filling pressure was maintained constantly
by returning the output to the atrial reservior. Fig. 6 shows the arterial pressure measuring mode.
Fig. 7 shows the relation between the arterial pressure measured directly by a pressure transduc-
er (PAO) and the estimated pressure by the optical sensor and the drive air pressure transducer
(PDs) with good relation. The relationship between them is described throgh a linear regression by

the equation PDs =0.92 « PAO +8.92 (r =0.996, n=19).
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assist pump diastolic period, the blood in

Y=1.03X-1.19
r =0.996
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Fig. 8 Relationship between estimated atrial pressure

and directly measured atrial pressure

THE CONTROL SYSTEM

The block diagram of the control
system is shown in Fig. 9. The con-
trol system consists of a pressure
regulator, a

(201 0-30,

vacuum  regulator

Hammel Dahl), two
pulse motors (one is the attached to
the pressure regulator and the other
one is attached to the vacuum reg-
ulator), optical diaphragm position
sensor, drive air pressure transduc-
er, and the microcomputer. The
pulse motor and the pressure regula-
tor and/or the vacuum pressure are
connected by a flexible coupler. The

optical diaphragm position sensor

and the drive air pressure transduc-

| driving rate

ejection duration

cardio-

pressure

and
assist

system

pump

vacuum

ulse .
[ regulator motor micro-
:;z::;ar g computer
le4pPressure gtzi

regulator

optical sensor

_4 air pressure transducer

Fig. 9 Block diagram of developed control system

er are used to measure the arterial and atrial pressures indirectly.
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The manipulated parameters of the air driven diaphragm type assist pump are 1) driving pres-
sure, 2) vacuum pressure, 3) driving rate, and 4) ejection duration. In the developed control system
all of these parameters can be manipulated. The driving pressure or the vacuum pressure is reg-
ulated by adjusting the pulse motor attached to the driving pressure regulator or the vacuum pres-
sure regulator. The pulse motor is controlled by the microcomputer. The microcomputer sends the
control pulses to the pulse motor through the 8255 programable peripheral interface. The ejection
duration or the driving rate is also controlled by the microcomputer, namely, the microcomputer
sends the control pulse to the electromagnetic valves in the control system.

We have performed the arterial and atrial pressures control ata physiological level by adjusting
the driving pfessure using the developed control system. The number of control pulses were sup-
plied to the pulse motor, which changes the driving pressure, was in proportion to the difference
between the desired arterial or atrial pressure and the indirectly measured pressures.

Pnub = G ¢ (Pdesire-Pmeasure)

where:  Pnub ; number of control puises

Pdesire ; desired arterial pressure
Pmeasure ; indirectly measured arterial pressure
G ; proportional gain

The pulse motor rotates 1.8 degrees per 1 control pulse and the pressure regulator makes the
driving pressure increase about 1.8 mmHg by one control pulse.

The arterial and atrial pressures control was tested using a mock circulation. Fig. 10 shows the
control of an arterial pressure by adjusting the driving pressure. In the beginning of the control,
the driving pressure is about 30 mmHg and the mean arterial pressure was about 25 mmllg.
However, a few minutes later the mean arterial pressure was regulated at about 100 mmHg since
the control system makes the driving pressure increase to about 230 mmHg. The optical control
gain G was determined experimentally. If G is larger than 1.5, an overshoot or an oscillation is
observed in the response of arterial pressure control. If the proportional gain G is less than 1.5, it
requires much time of control the arterial pressure at a desired level. Hence, 1.5 was chosen as the
optimal proportional gain.

The atrial pressure control by the developed control system was also tested on a mock circula-
tion. The constant flow was supplied to the atrial reservior and the pump outflow was discarded
though the peripheral resistance. The peripheral resistance was adjustable by the backpressure
regulator. The atrial pressure was also regulated by adjusting the driving pressure in proportion

to the difference between the desired atrial pressure and the indirectly measured atrial pressure.
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Fig. 10 Arterial pressure control by developed control system

Fig. 11 shows the atrial pressure control. Before the control, the atrial pressure is about 15 mmHg
and the driving pressure was about 90 mmHg. However, a few minute later, the atrial pressure was

regulated at about 6 mmHg of the desired level.
DISCUSSIONS

The objective of the LVAP is to maintain the circulation and at the same time to rest the failing
heart (recovery of the failing heart). The LVAP has been applied to more than a hundred patients
clinically in the world. However, the results of the clinical application were not always satisfac-
tory. One of the reason is thought that the control system for LVAP did not satisfy the request of
the human circulation. .

Umezu et al. (5) have developed a microcomputer based automatic¢ control system for the LVAP,
which regulates an arterial pressure, atrial pressure, and total flow at a physiological level by ad-

justing the percent systole of an assist pump. They tried a chronic experiments by using seven
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Fig. 11 Atrial pressure control by developed control system

adult goats in which the LVAP is implanted between the left atrium and the ascending aorta. They
tried two kinds of a control mode, one is the left atrial and arterial pressures level control (group
1), and the other one is the left atrial pressure and the total flow level control (group Il ). As the

results of two kinds of experiments, the hemodynamics of the group Il goats is more stable than

that of the group | .

Kitamura et al. (6) fabricated an adaptive control system for the LVAP, which controls the
trapezoidal piston motion. In their system, a blood pump is driven pneumatically by a hydraulic
stepping cylinder, and a minicomputer is employed for a real time controller. The control algo-
rithm is 1) state estimation of the hemodynamics, 2) identification of the parameters in a left ven-
tricular and systemic circulation, and 3) optimization of the stepping of the pump driver. They

tried the automatic control of the arterial pressure by using a mock circulation. In vitro experi-

145



Yukinori Suzuki, Takashi Komoro, Hikaru Takenaka, and Hiroshi Tazawa

ment, referential value is 100 mmHg and the control error is within 5 %.

Mclnnis et al. (7) proposed adaptive control system of LVAP, which realized the automatic con-
trol of the arterial and atrial pressures by adjusting the pneumatic driving pressure and vacuum
pressure. The system design includes a two-inpuptwo-output adaptive control algorithm which de-
termines the value of the control variables. The control system determines the optimal PID control
gain adaptively to hemodynamics every heart beat based on the ARMA model of the cardiovascu-
lar and the left ventricular systems. In vitro experiment was performed by using the mock system.
The control system regulated the arterial and atrial pressures at a desired level by adjusting the
driving pressure and the vacuum pressure adaptively to hemodynamics every heart beat. However,
it was difficult to the direct application of the modern control theory to the LVAP system, be-
cause the system includes many nonlinear elements.

The superior points in our developed control system are indirect measurements of output para-
meters(arterial and atrial pressures). While the knowledge of the arterial and atrial pressures are
essential for controlling LVAP, chronic measurements of these parameters have traditionally been
very difficult to obtain in the LVAP implanted animal. The difficulties of obtaining the accurate
measurements are a results of drift, vascular erosion, thromboemboli and infection associate with
implanted or percutaneous transducers. Our indirect measuring system is free of these problems.

In the arterial pressure measuring mode, driving pressure was increased gradually during about
500 msec. During this period about 10 mmHg end-diastolic arterial pressure decreases from end-
diastolic arterial pressure in the normal driving mode due to the reduction of the assist pump
stroke volume. While these measuring modes requires a little bit slower change in drive air pres-
sure than the normal driving mode, these do not seem to impair the pump function and hemody-
namic in the assist pump implanted animal.

In the current measuring mode, slow increase of driving pressure is necessary for measuring
arterial pressure of atrial pressure. Because the derivative of optical sensor signal is about 70
msec behind the assist pump flow. Therefore, when the movement of the diaphragm is detected,
driving pressure has already reached plateau which has no relation to arterial pressure. One of
the reason is that diaphragm begins to move from the peripheral part which is not monitored by
the optical diaphragm position sensor. Therefore, if the start of pump flow is detected using sever-
al optical diaphragm position sensor in the assist pump, the arterial or atrial pressure can be esti-
mated in the normal driving conditions.

Since the arterial pressure decreases gradually according to the peripheral vascular parameters

during diastole, the indirect pressure measuring system measures the diastolic pressure which re-
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flects more general hemodynamic condition than the systolic pressure during left ventricular
bypass. In our control system, arterial and atrial pressures are controlled and measured intermit-
tently. However, from the standpoint of clinical application, time interval of the control system has
no problem, because hemodynamics of human circulation is slightly affected during that time in-

terval.

CONCLUSIONS

A microcomputer based control system for LVAP has been developed. It has the indirectly
measuring system. The control system regulated an arterial and atrial pressures smoothly at a de-
sired level by adjusting the cardiac output of the LVAP. It can be concluded that the developed

control system for LVAP is effective for the automatic control of the arterial and atrial pressures.
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Fig.1  Structure of the developed assist pump

Fig. 2 Transapical-aortic left ventricular assist pump

Fig.3 Block diagram of optical sensor circuit

Fig.4  Principle of arterial and atrial pressure measurements
Fig. 5 Block diagram of air circuit

Fig.6  Arterial pressure measuring mode
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Relationship between estimated arterial pressure and directly measured arterial pressure
Relationship between estimated atrial pressure and directly measured atrial pressure
Block diagram of developed control system

Arterial pressure control by developed control system

Atrial pressure control by developed control system
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A Study of Methods of Measurement for Neutral Gas Temperature in Positive

Column of Glow Discharge

Yuuji Matsuura and Takeshi Sakaguchi

Abstract

Thermocouple or thermistor is widely used in order to measure neutral gas temperature in positive column
of glow discharge. Since the state of plasma is disturbed by the setting of thermocouple or thermistor, some in-
accuracy for measured values cannot be avoided.

While, the interference method does not remarkably disturb the state of plasma because of the use of weak
laser beam. We compare the data obtained by interference method with those by thermocouple.

It is concluded from the comparison that measured values by two different methods almost agree with in the

experimental errors in the pressure range from 3 Torr to 40 Torr.
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