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ABSTRACT 

A model in which the Lagrangian turbulent velocity autocorrelation 

is expressed by a domain integral over a set of usual Eulerian auto-

correlations was put forth, The Lagrangian autocorrelation can be 

readily computed provided that the Eulerian autocorrelations are ob-

tained concurrently at all points within the flow field of interest, 

i.e., within a selected turbulence "box". A method for ascertaining 

the statistical stationarity of turbulent velocity by creating an 

equivalent ensemble which approximates the real ensemble of turbulent 

velocity realizations was developed, An experimental investigation 

of the flow in the extreme lower atmospheric layer, i.e., the layer 

up to about 5 m depth, was conducted for the purpose of verifying the 

model put forth for computing Lagrangian autocorrelation and its 

application to predicting turbulent diffusion. This flow was both 

dynamically and thermally simulated satisfactorily using the wake flow 

generated by a 3.04 m diameter fan installed at a field site located on 

flat grassland. Simultaneous measurements of turbulent velocity at 

five stations on a turbulence "line" along the wake axis were carried 

out under calm wind, dry and stable conditions utilizing a longitudinal 

array of five hot-wire anemometers remotely operated. 

The stationarity test revealed that the turbulent velocity can 

be approximately considered a realization of a weakly self-stationary 

random process. The streamwise changing properties of turbulence 

were deduced from a set of five Eulerian autocorrelations. A first 

integral time scale, based solely on the positive autocorrelation, was 

introduced as a characteristic large time scale. The micro and first 

integral time and length scales exhibited a consistent streamwise 
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increase. This behavior testified to the nonhomogeneity of the 

turbulence and to a continuous accu~ulation of turbulent energy at 

large scales • . The turbulence structure was dominated by relatively 

large-scale eddies since the first integral time and length scales were 

consistently about tenfold greater than their micro scale counterparts. 

Continuous time and spatial variations of the Eulerian autocorrelations 

along the turbulence line were secured by advancing Eulerian reference-

point autocorrelations and Eulerian autocorrelation envelopes. 

The longitudinal Lagrangian autocorrelation was estimated by means 

of a line integral over all the Eulerian autocorrelation envelopes 

for the turbulence line. Large diffusion times predominated since 

the Lagrangian first diffusion time scale was about ten times larger 

than the short diffusion time scale. Ratios of the Lagrangian to 

Eulerian time scales smaller than unity were fowid. Both short and 

long diffusion time scales were constrained within their Eulerian 

counterparts. The turbulent momentum exchange coefficient and the 

dispersion coefficient were computed employing the calculated 

Lagrangian autocorrelation. Concentration of diffusing material along 

the turbulence line was predicted utilizing this dispersion coefficient. 

Corroboration of the computed ·concentration distribution along the 

turbulence line was accomplished by a gas diffusion experiment 

utilizing sulfur hexaflouride. A remarkable similar streamwise vari-

ation of both predicted and measured concentrations within a difference 

ranging from 4 to 13%, at the most, was found. 
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1. INTRODUCTION 

Knowledge of turbulent transport properties in the extreme lower 

atmosphere is essential for determining water vapor ·mixing, evapora-

tion rates, diffusion of pollutants and, generally, transport of any 

material. Turbulent transport can be analyzed by either the transfer 

theory or statistical description. In the transfer theory (or 
{ 

K-theory) the rate of turbulent transport of material is assumed 

locally proportional to the gradient of its concentration. The 

proportionality factors are expressed by turbulent exchange coeffi-

cients (or eddy diffusivities). Phenomenological models of this sort 

basically represent the turbulent transport as an enhanced or "speeded-

up" molecu]ar diffusion. Transfer theories provide hence an overall 

gross estimation of turbulent transport in terms of the K-coefficients. 

Initial development along this line is due to Boussinesq [l], G.I. 

Taylor [2] and Prandtl [3]. Comprehensive discussions of the transfer 

theory can be furthermore found in G.I. Taylor [4], Prandtl [5], 

von Karman [6], Sutton [7], Monin [8], Priestley [9], Hinze [10], 

Pasquill [11] and numerous other references. 
e 

A fundamentally correct picture of the actual mechanism of 

turbulent-transport processes can be achieved by following the motions 

of the fluid elements as they wander through the flow field. Statis-

tical description of turbulent transport accomplishes this by repre-

senting the movement of the fluid particles in terms of suitable 

average properties of the fluctuating velocity. In this approach 

the mean-square particle displacement, which is essentially a 

measure of turbulent diffusion, is estimated in terms of the 

Lagrangian (or material) turbulent velocity autocorrelation. The 
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turbulent exchange coefficient is then the time rate of change of the 

mean-square particle displacement. Determination of turbulent exchange 

coefficients hinges therefore upon knowledge of the Lagrangian auto-

correlation. Statistical analysis possesses inherently the potential 

to provide a complete description of turbulent aotion and transport. 

The statistical approach was first suggested for homogeneous turbu-

lence by G.I. Taylor in 1921 [12] and further extended ·by G.I. Taylor 

[13,14], Kampe de Feriet [15], Heisenberg [16] and many others. A 

collection of the classic papers on statistical theory by G.I. Taylqr, 

von Karman, Howarth, Kolmogoroff, C.C. Lin and others can be found in 

Friedlander and Topper [17]. Extensive reviews of the statistical 

treatment can be found in Frenkiel [18], Townsend [19], Hinze [10], 

Batchelor [20], C.C. Lin [21], Pasquill [ll], Lumley and Panofsky [22], 

Lumley [23], Monin and Yaglom [24], Csanady [25] and a great number of 

other references. 

Direct estimation of the Lagrangian autocorrelation is extremely 

difficult due to intrinsic problems associated with measuring the 

velocity of each moving fluid particle. Consequently, myriad attempts 

have been made to deduce the Lagrangian autocorrelation from the 

readily measurable Eulerian velocity. A thorough review of these 

methods will not be given here since the background literature is 

easily accessible, On the other hand, their main features pertinent 

to the work presented herein are briefly discussed. The available 

approaches f.or the estimation of the Lagrangian autocorrelation can be 

generally categorized into three broad groups based on their salient 

traits. These three classes are : (1) the linear correlation; (2) the 

moving-frame autocorrelation; and, (3) the probability method. All 



3 

these three methods infer basically that the Lagrangian autocorrelation 

exhibits similarity to some particular Eulerian correlation function. 

In the linear correlation approach it is proposed that the 

shape of the Lagrangian autocorrelation is similar to either an axial 

Eulerian cross-correlation [26] or a single Eulerian autocorrelation 

[27] provided that the turbulence is homogeneous and isotropic . The 

Lagrangian autocorrelation is then derived by simply contracting or 

stretching either of the foregoing Eulerian correlations by means of 

an empirical linear factor of proportionality. In neither case, 

however, does the coefficient of proportionality possess a unique value. 

The linear cross-correlation method was put forth by Mickelsen in 1955 

[26] based on a mass diffusion experiment in the core of a pipe where 

the turbulence is isotropic. In this approach the time and space 

coordinates of the Lagrangian autocorrelation and the Eulerian longi-

tudinal cross-correlation, respectively, are related by a single 

linear coefficient of proportionality. Values of this contracting 

proportionality factor varying from 0.55 to 0.725 (32% variation), 

depending on the mean and turbulent velocity levels, were reported. 

An average value for this factor of roughly 0.6 was further proposed 

throughout a turbulent velocity range from 0.55 to 4.27 m/s (1.8 to 

14 ft/s). 

It is postulated in the linear autocorrelation approach that the 

Lagrangian autocorrelation is identical in shape with a single Eulerian 

velocity autocorrelation at a fixed point in space but their time 

scales are different. The underlying hypothesis of this method, which 

was advanced by I-lay and Pasquill in 1959 [27], is that in homogeneous 
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turbulence the Lagrangian autocorrelation decays much more slowly than 

the Eulerian velocity autocorrelation measured at a fixed point. 

Consequently, it was suggested that the former can be obtained by 

linear stretching of the time coordinate of the latter. Values of the 

linear stretching factor changing randomly from 1.1 to 8.5 (87% varia-

tion) were inferred based on a diffusion experiment at ground level . 

Despite this considerable scattering an average Lagrangian time scale 

of four times the Eulerian time scale was suggested. This presumption 

was put forth in the light of lack of a systematic variation of the 

time scaling coefficient with the changing wind and stratification 

characteristics, It is important to remark that the autocorrelation 

linear extension yields basically a cross-correlation contraction 

factor equal to unity [11]. A similar linear stretching of the time 

coordinate in relating the Lagrangian and Eulerian autocorrelations 

was proposed by Angell in 1964 [28] based on monitoring the trajec-

tories of tetroons at heights near 762 m (2500 ft) . An average value 

of about 3.3 was put forward for the linear time coefficient. This 

average value was implied in spite of observing a strong tendency 

for this time scale to increase from 1 to 7 (86% variation) with 

decreasing turbulence intensity from 0.35 to 0.05. Although not 

explicitly stated it appears that homogeneous turbulence was insinu-

ated, In addition, the time coefficient augmented with increasing 

stability. The similarity in shape of the Lagrangian autocorrelation 

and the Eulerian correlation measured at a fixed point (essentially 

the Eulerian autocorrelation) was further set forth in a quite 

indirect way by Snyder and Lumley in 1971 [29]. In this work the 

motion of single spherical beads of different weights in a vertical 
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wind tunnel in homogeneous and isotropic turbulence was monitored 

photographically. The heavy particle correlations were interpreted as 

representative Eulerian correlations while the light particle correla-

tions were construed as Lagrangian autocorrelations. Based on these 

far-reaching assumptions the ratio of Lagrangian to Eulerian auto-

correlation integral time scales was crudely estimated to be about 3. 

In the moving-frame autocorrelation approach it is implied that 

the Lagrangian autocorrelation can be estimated by the envelope of a 

set of Eulerian space-time cross-correlations of the longitudinal 

fluctuating velocity in homogeneous and isotropic turbulence. This 

envelope, which connects the peaks of the cross-correlations, is in-

terpreted as a moving Eulerian autocorrelation which would be measured 

by a probe traveling steadily at the mean velocity. This scheme was 

put forward by Baldwin and Walsh in 1961 [30] and further explored by 

Baldwin and Mickelsen in 1963 [31] based on a pipe diffusion experi-

'ment in isotropic turbulence resembling that described in Ref . 26. 

It is basically implied in this method that the moving Eulerian auto-

correlation and the Lagrangian autocorrelation are of similar shape but 

of different scales. Values qf the factor relating the varying axial 

separation distance of the cross-correlations to the time coordinate 

of the Lagrangian autocorrelation ranging from 1.2 to 0.14 (88% varia-

tion) were reported for longitudinal turbulent velocity changing from 

0.55 to 1.46 m/s (1.8 to 4.8 ft/s) (31]. It is interesting to note 

that the corresponding range of the linear autocorrelation stretching 

factor [27] would be 40 to 4 . 7. 

A similar equivalence between the moving Eulerian time correla-

tion and the Lagrangian autocorrelation was proposed by Deissler in 
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1961 [32] for decaying homogeneous turbulence. It was further shown 

that these two autocorrelations are approximately equal for low tur-

bulence levels (large decay times) and small diffusion times. On the 

other hand, based on a heat dispersion experiment in approximately 

isotropic turbulence Shlien and Corrsin in 1974 [33] asserted that the 

Lagrangian autocorrelation is rather different in shape from the 

moving autocorrelation. In this work the Lagrangian autocorrelation 

was estimated by trial and error utilizing the Lagrangian micro and 

integral time scales which were computed from dispersion data. 

The probability method is based on the conjecture that for very 

long time intervals the displacements of fluid particles becom~ 
' statistically independent of the velocity distribution in homogeneous 

turbulence. Then it was inferred that the Lagrangian autocorrelation 

approaches asymptotically the average weighted Eulerian space-time 

cross-correlation function. In other words, the Lagrangian auto-

correlation is approximated asymptotically by a domain integral over 

the entire flow field (volume integral) of the Eulerian two-point 

two-time cross-correlation when the weight function is the particle 
/ 

displacement probability density function. Generally, this probabil-

ity density function is unknown. This scheme was initially advanced 

by Corrsin in 1959 [34] for homogeneous turbulence and extended by 

Saffman in 1963 [35] for small time intervals in isotropic turbulence. 

In the latter case the Lagrangian autocorrelation is expressed by an 

integro-differential equation for the mean-square displacement of a 

fluid particle in terms of the spectrum function of the Eulerian space-

time cross-correlation. Additionally, a normal probability density 
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function for the displacement was assumed. The Lagrangian 

autocorrelation was then computed for isotropic turbulence assuming an 

exponential decaying spectrum and, subsequently, compared with the 

moving Eulerian autocorrelat~on. As a result it was found that the 

ratio of the integral time scales of the moving Eulerian autocorrela-

tion and the Lagrangian autocorrelation is roughly 1.25 times the 

longitudinal turbulence intensity for small values of the latter [35]. 

As regards the linear autocorrelation approach the foregoing result 

yields a linear autocorrelation stretching factor of 5.6 for an 

axial turbulence intensity of about 0.14. 

The probability approach was further explored by Kraichnan in 

1964 [36] in isotropic turbulence without any time interval restric-

tions. In this analysis the Lagrangian and Eulerian velocity fields 

were expressed in terms of a passive scalar labeling field [37] and 

the direct-interaction approximation for this scalar field [38,39] 

was utilized. The Lagrangian time-covariance (autocorrelation) was 

then represented by an average of the Eulerian space-time covariance 

(cross-correlation) over the effective volume occupied by the particle 

displacement probability distribution function at any difference time 

(lag time). Basically, a similar domain integral representation was 

introduced as an asymptotic approximation in Ref. 34. The direct-

interaction approximation predicts furthermore that the Lagrangian 

autocorrelation falls off more rapidly than the Eulerian autocorrela-

tion at a fixed point (36]. This leads to a linear autocorrelation 

factor smaller than unity which is in opposition with the results 

presented in Ref. 27. 
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An additional attempt to relate the Lagrangian autocorrelation 

to the Eulerian correlation function using the probability approach 

was reported by Philip in 1967 [40]. In this paper it is proposed 

that the Lagrangian autocorrelation in isotropic turbulence can be 

estimated by a space-time integration of the weighted Eulerian 

correlation function of the longitudinal turbulent velocity in an 

arbitrary direction (space-time cross-correlation). The probability 

density distribution function governing the probability of finding 

at a given position after a certain time interval a particle re-

leased at some arbitrary point in space was introduced as the weight 

function. Although this hypothesis possesses some physical plausi-

bility, its rigorous justification is not possible and, consequently, 

the pressing need for supplying experimental support was recognized 

by its own proponent [40]. The Lagrangian autocorrelation was then 

expressed by an integral equation assuming a Gaussian probability 

density distribution function and an exponential decaying Eulerian 

space-time cross-correlation. This integral was solved in terms of a 

parameter which depends on the Eulerian axial turbulent velocity, and 

Eulerian integral time and longitudinal length scales. Subsequently, 

it wa~ found that the ratio of the integral time scales of the 

Lagrangian autocorrelation and the moving Eulerian autocorrelation 

increases with diminishing longitudinal turbulence intensity. The 

method suggested in this paper [40] is by and large similar in a 

number of respects to the analysis presented in R~f. 35. On the other 

hand, the values of the integral time scales ratio suggested in Ref. 35 
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are 2 to 3 times larger than their counterparts deduced in Ref. 40 for 

same longitudinal turbulence intensity. 

This brief review of the various available methods for the 

estimation of the Lagrangian autocorrelation clearly reveals the wide 

disparities in both the basic approach and useful results. In the 

light of the significant discrepancies among these numerous attempts 

further investigation for the sake of putting forth . a relationship 

between the Lagrangian autocorrelation and the readily measurable 

Eulerian correlation function is undoubtedly warranted. Evidently, the 

physical validity of such a relationship is entirely contingent upon 

adequate experimental substantiation. 
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2. OBJECTIVE 

The present investigation focused on the turbulent transport 

properties in the extreme lower atmosphere which is defined as the 

layer extending up to about 5 m (~16 ft) above earth's surface. 

Determination of turbulent transport of any transferable quantity 

depends basically upon knowledge of the turbulent exchange coeffi-

cients. The turbulent momentum eddy diffusivity is of prime interest 

since both mass and heat transport coefficients are commonly ascer-

tained in terms of it. In this study the statistical analysis of 

turbulent transport was adopted in the light of its apparent superi-

ority with respect to the transfer theory approach considering the 

random nature of turbulent flow. The turbulent exchange coefficient 

can be then assessed in terms of the Lagrangian turbulent velocity 

autocorrelation. 

To start with, a method for approximating the statistical 

stationarity of turbulent velocity was developed as a necessary pre-

requisite for the statistical analysis. A relationship between the 

Lagrangian and Eulerian autocorrelations of turbulent velocity was 

sought. The underlying approach for this model was that the 

Lagrangian autocorrelation can be expressed by means of a space 

integral of a set of Eulerian autocorrelations which generally are 

readily measurable. The experimental work, which was strongly 

stressed, concentrated on estimating the turbulent momentum eddy 

diffusivity and mass exchange coefficient based on the foregoing 

method. 

Simulation of the turbulent flow in the extreme lower atmosphere 

was achieved employing the wake flow of a 3.04 m (10 ft) diameter fan 
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installed at the Colorado State University Environmental Field Station. 

Flow visualization by means of smoke and balloons was used to gain an 

overall picture of the flow pattern. The measurements concentrated 

solely on the longitudinal turbulent velocity since its energy is 

significantly greater than that of the other two velocity components. 

Detailed surveys of axial turbulent velocity at five fixed stations 

within the wake were carried out simultaneously under dry, stable 

conditions employing an array of five hot-wire aneaometers. Such an 

array of probes is essential for obtaining a set of concurrent Eulerian 

autocorrelations necessary to estimate the Lagrangi an autocorrelation. 

The turbulent momentum eddy diffusivity was then deduced from the 

Lagrangian autocorrelation. Subsequently, the diffusion of a gas was 

predicted assuming equal momentum and mass exchange coefficients. The 

computed gas concentration was further substantiated through a mass 

diffusion experiment utilizing sulfur hexaflouride emitted from a 

point source located within the wake. Similar results are expected 

for turbulent transport of water vapor, pollutants or any admixture. 
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3. ANALYSIS OF TURBULENT TRANSPORT 

The turbulent transport of water vapor or pollutants and, 

generally, of any transferable quantity, e.g., momentum and energy, 

within the lower atmosphere is diffusive in nature. Due to the random 

character ' of turbulence, it is necessary to express the turbulent-

transport rates, i.e., turbulent exchange coefficients or eddy diffu-

sivities, of these quantities in terms of statistical functions of the 

turbulent velocity field and of boundary or initial conditions . 

Determination of turbulent mass transport depends upon knowledge of 

the turbulent momentum exchange coefficient. The latter can be 

estimated in terms of the turbulent velocity autocorrelation of moving 

fluid particles through the flow field, i.e., the Lagrangian auto-

correlation [10,12,15]. Since the Lagrangian autocorrelation cannot 

be measured directly, it is of prime importance to adequately relate 

it to the readily measureable Eulerian autocorrelation, i.e., the auto-

correlation at a fixed point in space. The analysis presented herein 

focuses on relating the Lagrangian and Eulerian autocorrelations. 

3.1 Stationarity of a random process 

Turbulent velocity is basically a random process and, hence, its 

properties are examined by statistical techniques. Random processes 

may be either stationary or nonstationary. In the former case the 

statistical average properties are time independent whereas in the 

latter case they are time varying. A totally satisfactory methodology 

for analyzing all classes of nonstationary random processes is not yet 

available due to their unique properties. On the other hand, adequate 

statistical methods are available for stationary random processes, 
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i.e., statistically steady random processes. It is consequently 

imperative to assess the stationarity of the turbulent velocity field 

for ensuring the reliability of its computed statistical average 

properties. In regard to atmospheric turbulence this is of consider-

able significance since it possesses a greater likelihood to be non-

stationary than, say, wind-tunnel turbulence. Its nonstationarity can 

result from effects induced by nonuniform terrain and varying mean wind 

which assist in generation of turbulence. 

Determination of turbulence stationarity is contingent upon the 

availability of a sufficiently large number of turbulent velocity 

records. The collection of these sample records, which are in practice 

finite time histories of length T of the random turbulent velocity r 

u(t), form an ensemble. This is represented by the set {u(t)}, where 

the braces designate an ensemble of sample records. All sample records 

in the ensemble must be collected simultaneously in independent flows 

under exactly similar physical situations and utilizing identical mea-

suring instruments. The statistical properties of the random turbulent 

velocity field are described by the ensemble second moment, i.e., the 

autocorrelation, and by ensemble higher order moments whenever neces-

sary. In the light of the intrinsic definition of turbulence, the 

mean value of the turbulent velocity, i.e., the first order moment, is 

zero [10]. The ensemble moments are estimated by averaging over all 

sample records comprised in the ensemble. This ensemble averaging 

procedure is illustrated by employing a hypothetical ensemble of tur-

bulent velocity sample records depicted in Fig. 3.1. In this figure 

each sample record of the N records in the set {u(t)} is denoted by 
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subscript . k, i.e., ~(t). The ensemble autocorrelation is estimated 

by computing the product of instantaneous turbulent velocities at some 

starting time t 
0 

and at time t + T 
0 

in each sample record, and 

then by calculating their average. Thus, the ensemble autocorrelation 

is [ 41] 

<R(t , t +T) > = 
0 0 

lim 
N + oo 

(3.1) 

where the bent brackets denote ensemble average and T is the time 

displacement. If the ensemble autocorrelation is independent of the 

selected starting time 

only upon the time delay 

t , i.e., the ensemble autocorrelation depends 
0 

<R(t ,t +T)> = <R(T)>, the random turbulent 
0 0 

velocity is called weakly stationary. The fluctuating velocity is 

strongly stationary when all possible ensemble higher order moments 

possess the very same time independence property. 

Unfortunately, in practice an ensemble of turbulent velocity 

records cannot be obtained. Statistical description of turbulence is 

then based on the far-reaching assumption that turbulence is an ergodic 

random process. It is important to point out that an ergodic random 

process is necessarily stationary [41]. Consequently, adequate exam-

ination of turbulence stationarity is of considerable significance. 

Due to the insurmountable impediments in securing a true ensemble of 

turbulent velocity records, it is conjectured that it can be approxi-

mated by an equivalent ensemble. Such an equivalent ensemble can 

be formed by dividing a sufficiently long time history of turbulent 

velocity into a finite number of equal time length records. This 

partition into sample records depends upon assuring that the time 
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history is obtained under unchanged flow conditions. Then, the length 

of each sample record is 

T = T /N, r ra (3.2) 

in which T is the available time history and N is the finite ra 
number of deduced sample records. Essentially, this suggested equiv-

alent ensemble is similar to a true ensemble since the sample records 

in each are obtained by identical measuring instruments under same flow 

conditions. In a true ensemble each sample record is statistically 

independent of all other sample records in the set, i.e., all joint 

moments are zero. A similar criterion is to be employed for establish-

ing the equivalent ensemble. Each segment T must be statistically r 

independent from the other members of the equivalent ensemble. Addi-

tionally, the sample record length T r must be longer than the largest 

turbulence time scale of interest for ensuring that all significant 

information is comprehended within it. Thereby, the number of seg-

ments N is uniquely determined. The sample records of the equivalent 

ensemble are defined in terms of the orjginal time history u(t) as 

l\_(t) = u[t+(k-l)Tr]' (3.3) 

where (k-l)T < t < kT and k = 1, 2, . • • , N. Generation of an equiv-r r 

alent ensemble {u(t)} , where subscript eq designates equivalent eq 
ensemble, from an available time history T ra is illustrated in 

Fig. 3.2. The sample records l\_(t) obtained by the division of the 

available time history are arranged into the form characteristic to an 

ensemble as clearly depicted in this figure. Then, the equivalent en-

semble autocorrelation <R(t ,t +,)> is computed in the very same o o eq 
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manner as its true ensemble counterpart given by Eq. (3,1). The method 

by which this computation is performed is portrayed in Fig. 3.2 

assuming five sample records (N = 5). When the equivalent ensemble 

autocorrelation is only a function of the time displacement 

<R(t ,t +,) > = <R(,)> , i.e., independent of the starting time t, o o eq eq o 
the fluctuating velocity can be approximated as a weakly stationary 

random process. In addition, the random turbulent velocity can be 

assumed as a strongly stationary random process provided that equiv-

alent ensemble higher order moments are time invariant. 

Based on the ergodic hypothesis the properties of a stationary 

random process are computed by simply ta~ing time averages over any 

sample record in the ensemble. For an ergodic process these time-

averaged properties are ·equal to their ensemble-averaged counterparts. 

The time-averaged autocorrelation of a single realization of turbulent 

velocity u(t) is expressed by [41] 
T 

Tl I u(t)u(t+c) dt, 
0 

R(,) = lim 
T -+ oo 

(3.4) 

where T stands. for the averaging time. Illustration of the manner 

that this calculation is carried out is shown in Fig. 3.2. In practice 

the averaging time T is finite and is essentially the time required 

to account for the largest turbulent time scale of interest. For the 

special case when the autocorrelation change with augmenting averaging 

time is insignificant, the sample record can be viewed as a realiza-

tion of a weakly self-stationary random process. When the very same 

condition is met for all possible higher order moments, the random 

process is said to be strongly self-stationary. In other words, the 

finite averaging time T is equal to the time ·length required for 



assuming that a random process is self-stationary. It is apparent that 

only an ergodic process can be se l f-stationary. It is, further, 

important to note that the length of the equivalent ensemble sample 

records T is necessarily greater than or at the least equal to the r 

self-stationarity averaging time, i.e., T > T, Consequently, deter-r -
mination of the length of the sample records comprising an equivalent 

ensemble ensures simultaneously the validity of both equivalent en-

semble techniques and self-stationarity time-averaging procedures. It 

is then hypothesized that the ergodic assumption is corroborated by 

the equality of the equivalent ensemble and time-averaged autocor-

relations, i.e. , <R(,)> = R(,). eq 

3.2 A relationship between the Lagrangian and Eulerian turbulent 

velocity autocorrelations 

Turbulent diffusion is naturally described in a Lagrangian frame 

of referen~e (material coordinates) since in this moving frame it is 

possible to account for fluid particle displacement statistics. The 

turbulent momentum exchange coefficient, i.e., the turbulent momentum 

eddy diffusivity, can be effectively determined from the Lagrangian 

turbulent velocity autocorrelation. It is assumed hereafter that the 

turbulence is ergodic and, hence, necessarily stationary. All turbulent 

statistical properties can be therefore deduced from a single realiza-

tion of the flow, 

The Lagrangian autocorrelation (or the material autocorrelation) 

of turbulent velocity is obtained by, first, forming the velocity 

product of a tagged fluid particle at two instants in time. In other 

words, the product of a marked fluid element velocity at an arbitrary 



18 

reference position and some other point along its path line after a 

certain time lapse is made up. Next, this product is averaged with 

similar products arising from all the particles which pass through the 

very same reference position during a selected time interval. This 

particle-space averaging yields the desired Lagrangian autocorrelation 

with respect to the selected reference point. To obtain the Lagrangian 

autocorrelation it is thus imperative to examine the trajectories (or 

path lines) and velocities of all tagged fluid particles that moved 

past the reference point in the course of time. Since this particle 

information is generally unmeasurable, the Lagrangian autocorrelation 

cannot be obtained directly. Estimation of the Lagrangian autocor-

relation entails relating it to its readily accessible Eulerian 

(spatial) counterpart. The latter is the time-averaged product of 

turbulent velocities at the very same space l0cation, i.e., in a fixed 

frame of reference (spatial coordinates). This autocorrelation is 

evaluated by measuring the fluctuating velocity at a fixed position in 

space, computing the velocity product at two instants in time, and 

time averaging over all possible products with an identical time 

delay over a chosen time interval, 

3.2.1 Lag1t.a.ng-la.n a.u:toeoMehLtion 

In the Lagrangian description the motion of a tagged .fluid 

particle is described in the course of time in terms of its arbitrary 

reference position (or initial position). The coordinates of this 

initial point in a fixed frame of reference, i.e., an Eulerian frame 

or a spatial frame, and the time are the Lagrangian independent vari-

ables. Throughout this analysis cartesian tensor notation is utilized 
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and, consequently, subscripts i, j and£ can take on only integer 

values 1, 2 or 3 unless specified otherwise. 

The trajectory (or path line) of any k-th fluid particle which 

passes through a selected reference point A at some initial time 

is denoted by Superscripts are utilized 

in identifying the fluid particles which move past the reference 

point A during a certain time interval T. Path lines of several 

fluid particles which cross the same reference position A are por-

trayed in Fig. 3.3. With respect to a fixed frame of reference the 

coordinates of the arbitrary initial point A are xt = at and the 

k-th fluid particle instantaneous position vector is designated by 
k Xt(t ). Hence, the k-th particle trajectory in the 

course of time in the spatial system of coordinates xt is described 

by the position vector Each k-th marked particle that passes 

through the reference point A does so at an unique initial time 

and, thus, for any two particles k and On the other 

hand, the position vectors of their initial point A are exactly the 

same, i.e., The initial times are related by 

t~ = t~ + (n - k)~t, (3.5) 

where n > k and ~t is the smallest increment of time required for 

two consecutive particles to leave and arrive at reference point A. 

This time increment is generally unknown. 

The turbulent velocity of each k-th fluid element in the 
k . Lagrangian method is designated by vi(at,t) (1 = 1, 2, 3) and it is 

k depicted along the particle trajectory s in Fig. 3.3. In this 

analysis only the turbulent velocity is considered inasmuch as its 
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autocorrelation is not affected by the mean velocity. On the other 

hand, the fluid particles are basically carried by the mean flow. The 

trajectories of the fluid elements ensue thus from the superposition 

of the mean and turbulent velocities. When the k-th tagged 

particle is at the reference point A at initial time tk 
A 

velocity k At a later time the very possesses a vi (a.Q,,tA). 

fluid particle is at some point Bk along its trajectory 

fluid 

it 

same 
k s 

k-th 

as 

portrayed in Fig. 3.3. The elapse time needed for the k-th particle 

to travel from its initial point A to the new position Bk is T 

and, hence, the particle arrives at this position at time t k = tk + T B A • 

At point Bk k , whose coordinates are x.Q, = b.Q,, the particle position 

vector is k k X.Q,(tA+T) and its Lagrangian velocity is vj(a£,tA+T) 

(j = 1, 2, 3). The Lagrangian turbulent velocity autocorrelation is 

then obtained by averaging the two-point velocity product (or the 

Lagrangian velocity product) over a large number of fluid particles 

N (k = 1 to N) that pass through the reference point A within a 

selected time interval T. This average can be essentially inter-

preted as a particle-space averaging with respect to these N fluid 

elements. Thus, the single-reference-point Lagrangian turbulent 

velocity autocorrelation is given by 

(3.6) 

It is of prime importance to remark that the instantaneous 

Eulerian velocity ui(x.Q,,t) (i = 1, 2, 3) at any position along the 
k s path line is exactly equal to the Lagrangian velocity of the k-th 

tagged fluid particle at that instant in time when this particle passes 
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the very same position. Thus, instantaneously at any point along a 

trajectory defined by the position vector X£(tk) 

k s 

(3.7) 

while when the fluid particle is at the initial position A 

(3.8) 

Based on this instantaneous equality between the Eulerian and 

Lagrangian Yelocities, it is surmised that the time interval T 

required far carrying out the Lagrangian particle-space averaging is 

equal to the averaging time necessary to qualify the self-stationarity 

of the Eulerian velocity record (see Sect. 3 . 1). Essentially, it is 

conjectured that during this time interval T the number of fluid 

particles N moving past the reference point suffices to account for 

the largest Lagrangian time scale of turbulence. 

It appears that a relationship between the Lagrangian and 

Eulerian correlation functions cannot yet be obtained through formal 

mathematics. The brief review in Sect. 1 of the attempts to set 

forth such a relationship clearly indicates the insurmountable 

difficulties related to a rigorous mathematical relationship. It is 

apparent, oo the other hand, that in any attempt to obtain such a 

relation the physical features of the turbulent flow must be ade-

quately inc:orporated. Any relationship thus would be inherently the 

outcome of blending the physics of the flow with a suitable mathemat-

ical formulation. Essentially, relating the Lagr.angian and Eulerian 



22 

autocorrelations consists of establishing a connection between the 

velocity products which comprise them. The Lagrangian velocity 
k vi (at,t) of the k-th tagged fluid particle that moved past the 

r eference point A is defined at any moment only at its particular 

location along its trajectory k k s [at,Xt(t )]. On the other hand, for 

the same instant in time t the Eulerian velocity ui (xt,t) is 

basically specified at every position in space which all the fluid 

occupies since it is not related to any distinct fluid element. The 

change in position of the k-th marked fluid particle in the course of 

time can be expressed either in terms of its moving position vector 

Xt(tk) or in terms of the distance which it moved along its trajectory 
k s as portrayed in Fig. 3.4. In a fixed frame reference (or spatial 

frame) xt' the position vectors of the k-th fluid particle at times tk 

and tk + dtk are X (tk) and X (tk+dtk). The change in the posi-t £ 

tion vector of this element is thus dXt(tk). Concurrently, with 

respect to the fluid particle natural (or intrinsic) coordinate, viz., 

the fluid particle trajectory 

by the k-th fluid element is 

k 
s ' 

k ds . 

the incremental distance traveled 

This incremental distance is 

related to the change in position vector by 

(3.9) 

in which the usual summation convention holds in regard to repeated 

subscripts. Then, the distance traveled by the k-th fluid particle 

along its trajectory from its reference position A to a point Bk is 

(3.10) 
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where the coordinates. of the positions A and are and 

b~ in the spatial frame or k s = 0 and k sB in the intrinsic frame, 

respectively. This distance k s 8 , which is traveled by the fluid 

element in time k k 
T = tB - tA, is depicted in Fig. 3.4. 

velocity along a path line can be therefore expressed as 

The Eulerian 

u. (sk,t) in 
l 

terms of the intrinsic coordinate. It is evident that the properties 

of the Eulerian velocity, viz., a continuous differentiable function, 

are preserved in both the spatial and natural systems of coordinates. 

The Eulerian velocity at any point pk on the k-th fluid element 

trajectory k s can be evaluated at any instant in time by means of 

Taylor series expansions of its corresponding v~locities at reference 

point A and at point Bk. In the intrinsic system of coordinates 

the Eulerian velocities at points A and 

uj(s~,t), and the coordinate of point 

Bk are u.(O,t) 
l 

sk where 

and 

The Eulerian velocity at point pk in terms of a Taylor series 

expansion about point A when the time is held at is 

(3.11) 

Similarly, at time the Eulerian velocity at the very 

same point pk estimated by a Taylor series expansion about point 

Bk is 

CX) ( k 
+ ~ s -

L..J n! 
n=l 
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In the pre~eding two equations the semicolon indicates that the series 

expansions about the points A and Bk were carried out at two spe-

cific instants in time, i.e., when in each case the time is held con-

stant at t~ and t~, respectively. This semicolon is used only with 

Pk k respect to any point on the trajectory whose coordinate is s . 

The foregoing two Taylor series expansions are illustrated in Fig. 3.4. 

It is, furthermore, important to remark that the first terms in the 

series expansions in Eqs. (3.11) and (3.12) are exactly the Lagrangian 

particle velocities at times at point This 

results from the instantaneous equality between the Eulerian and 

Lagrangian velocities. 

(3.13) 

At any point the Lagrangian velocity is tangent to the path line. The 

Eulerian velocity, on the other hand, is generally unknown with 

respect to the particular trajectory k s except at that instant when 

it equals its Lagrangian counterpart as shown in Fig. 3.4. In other 

words, the Eulerian velocity is not necessarily tangent to any single 

path line at all times since it arises from all fluid particles. 
k k The Eulerian velocity product r .. (s ;tA,,) at any point 

1] 
is 

formed by simply multiplying the velocities prevailing at this position 

. k d at times tA an t~ + T which are given by Eqs. (3.11) and (3.12). 

This product yields 
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+L 
m=l 

CX) ( k 
+ ~ s -

k n 
SB) k k k 

c .. (0,sB,tA,tA+,) 
1, J n ~ n! 

n=l 

k k k c . . (O,sB,tA,tA+,), 1m, J n 
(3.14) 

in which the Lagrangian velocity product is substituted for the product 

of the first terms in the series expansions of the Eulerian 

velocity in view of Eq. (3.13). The last three terms in Eq. (3.14) 

stand for the Eulerian velocity cross products since the Eulerian 

two-point two-time velocity-velocity derivative cross products are 

k k k c .. (sB,O'tA+,,tA) J , 1m 

k k k 
c. . (0, SB' tA' tA+T) 
1, J n 

(3.15) 

(3.16) 

and the Eulerian two-point two-time double velocity derivative cross 

product is 

(3.17) 
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A relationship between the Lagrangian and Eulerian velocity products of 

the k-th fluid particle at any point pk on its trajectory is hence 

supplied by Eq. (3.14). An illustration of how the Eulerian velocity 

product is obtained for a single velocity component at any point pk 

h . k on t e traJectory s is provided by Fig. 3.5. At time 

instantaneous Eulerian velocity along the k-th path line 

depicted in Fig. 3.S(a). A hypothetical variation of, say, the 

u
1 

(sk;t~) component is also displayed. Similarly, the instantaneous 
k Eulerian velocity at time tA + T along the very same trajectory and 

the assumed change of the same component are shown in 

Fig. 3.S(b). The product of these two velocity components formed at 

any point pk is finally portrayed in Fig. 3.S(c). 

It is conceivable to express the Eulerian velocity product and 

velocity cross products in Eq. (3.14) at all possible points pk 

is 

on the k-th trajectory in terms of single characteristic values. In 

other words, these Eulerian quantities are represented by their spatial 

mean values on the k-th path line between reference point A and 

position k B • This averaging involves basically line integration along 

the k-th trajectory from initial point k s = 0 to point k sB' i.e., tra-

jectory averaging in the natural frame. Since the k-th fluid particle 

reaches point k sB on its path line after some time lapse T the 

trajectory averaging is applied for each position The Lagrangian 

velocity product, on the other hand, is not affected by this trajectory 

averaging inasmuch as it is independent of the intrinsic coordinate 
k s . As a result of this trajectory averaging the Lagrangian velocity 

product for the k-th fluid particle is expressed by the spatial mean 
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values of the Eulerian velocity product and velocity cross products 

along the path line segment traveled by this fluid element during 

time -r. 

Throughout time interval T a large number of fluid particles N 

moved past the reference point A as illustrated in Fig. 3.3. The 

Lagrangian velocity autocorrelation for all these N fluid elements is 

obtained according to Eq, (3.6) by particle-space averaging of their 

Lagrangian velocity products. Then the single-reference-point 

Lagrangian turbulent velocity autocorrelation is supplied by particle-

space averaging of the spatial mean values of the Eulerian velocity 

product and velocity cross products considering Eq. (3.14). This 

particle-space averaging yields basically unique mean values for the 

trajectory averages of the Eulerian velocity product and the three 

Eulerian velocity cross products for all the path lines traced by 

these N fluid particles. Hence, the single-reference-point 

Lagrangian autocorrelation, is 

L .. (a 0 ,-r) = cp! . (a 0 ,-r) - [cp~.(a 0 ,T) + q>~.(a 0 ,T) + cj,~ . (a 0 ,-r)], (3.18) 1J N 1J N J1 N 1J N 1J N 

where the elapse time (or time delay) T can take on any value. In 

this equation the first ¢-term 

cp!. (a 0 , T) 1J N 

k k dsk r .. (s ;tA,-r) 1J 

is the particle-space average of the spatial mean value of the 

Eulerian velocity product, and the other three ¢-terms 

(3.19) 
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cp? . (a 0 ,r) 
)1 ;,., (3. 20) 

(3.21) 

and 

k k k ] c . · . ( 0 , s B , tA, tA+T) ( 3 . 2 2) 1m, J n 

are the particle-space averages of the spatial mean values of the 

Eulerian velocity cross products. In Eqs. (3.19) to (3.22) the terms 

in the brackets are the results of the trajectory averaging whereas the 

summation over k designates the particle-space averaging. With 

regard to the trajectory averaging, the terms c . . , c. . and J, 1m 1, J n 
c . . are constants since they are evaluated at fixed positions on 

1m, Jn 

the trajectory as indicated in Eqs. (3.15), (3.16) and (3.17). The 

trajectory averaging of the Eulerian velocity product and velocity 

cross products is outlined in Appendix I. 

The single-reference-point Lagrangian autocorrelation given by 

Eq. (3.18) expresses the average characteristics of the turbulence 

along the fluid particles trajectories which originated at the 

selected reference point A. For any flow situation it is possible to 

generally choose innumerable reference points. It is conceivable, 

however, to restrict the selection of these points within a particular 

finite plane. The most convenient and practical choice is apparently 

a plane normal to the main flow direction. Then the intrinsic nature 

of all the single-reference-point Lagrangian autocorrelations defined 
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with respect to all possible reference points in this plane is the 

specification of the downstream average turbulence properties. This 

control surface, which is the locus of all the A-reference points, can 

be thus viewed as a reference plane or an A-point plane. In either 

confined and/or unconfined flows such a reference plane can be readily 

envisioned. For wind-tunnel and/or pipe flows this reference plane is 

basically their cross sections at any desired streamwise position. All 

fluid particles must move past such a plane. In the case of atmo-

spheric and/or wake flows, it is always feasible and, moreover, 

desirable to adequately delineate the flow region of interest by means 

of suitable imaginary boundaries. 

As a result a finite reference plane, which includes all the r 

relevant A-reference points, viz., A where y = 1 tor, can be y 

introduced for any flow situation. The picture of the path lines 

traced by the N fluid particles that pass through a single reference 

point A portrayed in Fig. 3.3 applies thereby to all the A -y 

reference points in the reference plane, It can be further theorized 

that all the r x N trajectories, which arise from the N fluid 

particles that pass each of the r reference points in the A-point 

plane during a time interval T, describe a continuous expanding or 

contracting control volume with increasing time lapse ·r. In other 

words, this control volume encompasses all the path lines originated 

within the reference plane which extends over the elapse time ,. 

Each of the r x N fluid particles crosses its particular A -y 

reference point at some initial time 

trajectory reaches some new position 

(t!)Y and in moving along its 

Bk after a time lapse ,. It y 

is thus possible to consider a bounded control volume which encloses 
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all the r x N trajectory segments traced throughout the time 

displacement ,. 

locations of the 

The locus of all Bk points which contains all the y 

r x N fluid particles at times (t~)Y +, is the 

B-point plane. This finite control volume is thus demarcated by the 

A- and B-point planes. Apparently, this control volume can be inter-

preted as a turbulence "box". In the limiting case when , = O ~ the 

turbulence "box" reduces to a turbulence "plane" which is the refer-

ence plane (the A-point plane) since the B-point plane collapses on it. 

The turbulence "box" becomes moreover the entire flow field downstream 

of the reference plane, i.e., a flow field extending to infinity, as 

The turbulence "box" can be visualized by the following hypothet-

ical flow situation: (1) mean flow in only x1-direction; (2) an arbi-

trary control surface, i.e., reference plane, normal to the x1-axis 

which is defined by x = S = constant; (3) all 1 r x N fluid parti-

cles entering the control volume V, i.e., the turbulence "box", pass 

through this A-point plane; (4) the envelope of the control volume (all 

lateral surfaces) are impermeable; and, (5) all r x N fluid parti-

cles arrive after some time lapse , at a plane B, i.e., the B-point 

plane. This hypothetical flow situation is illustrated in Fig. 3.6. 

A cut through the turbulence "box" is also shown in Fig. 3.6 to pro-

vide a better view of the A-point plane and several trajectories . 

The separation ~ between the reference and B-point planes, which is 

shown in this figure, can be approximated using a characteristic mean 

velocity scale u 
C 

and the time lapse 

~ = u '[, 
C 

'[ according to 

(3.23) 
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Practically, this streamwise length ~ can be viewed as representative 

of the final position (s~)Y for all the r x N fluid particles. This 

longitudinal extent ~ can be furthermore interpreted as a turbulence 

"line" within the turbulence box. 

The problem of interest is now to estimate the overall properties 

of the turbulence within this box. A plausible description of these 

properties can be supplied by the average of all single-reference-

point Lagrangian autocorrelations over all A -reference points in y 

the reference plane S. To this end, the coordinates of the single 

reference point at' the natural coordinate of any position k s along 

the trajectories originated at this point and the initial time 

are superseded in Eqs. (3.18) through (3.22) by k 
an ' s ,.,y y and 

respectively. This replacement accounts for the A -reference points. y 

Average of the single-reference-point Lagrangian autocorrelations 

L . . (an ,T) with respect to all corresponding A -reference points, lJ ,.,y y 

i.e., reference-plane averaging, is simply achieved by summing 

Eq. (3 ol8} over y = 1 tor. The reference-plane average Lagrangian 

autocorrelation is therefore expressed by 

1 r 
L.. (S,T) = -r 1:: L . . Can ,r)' 

lJ y=l lJ q 
(3.24) 

where S is the A-point plane or the reference plane. Next, the 

reference-plane Lagrangian autocorrelation can be expressed in terms 

of the representative Eulerian quantities for the turbulence box by 

substituting Eq. (3.18) into Eq. (3.24). This substitution yields 

L..(S,T) = '¥!.(S,T) - ['¥~.(S,r) + '¥~.(S,T) + '¥~ . (S,T)], 
lJ lJ J l lJ lJ 

(3.25) 
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in which the reference-plane average of the Eul erian velocity product 

is 

1 r 
ljl~. (S,T) = -r ~ (j>~ . Can ,T) ' lJ £..J lJ ,.,y -y=l 

(3.26) 

and the reference-plane averages of the three Eulerian velocity cross 

products are 

and 

'!'~ . (S,T) 
J l 

'l' ?. (S,T) 
l J 

ljl~. (S' T) 
lJ 

1 = r 

1 = r 

r 
L 2 . 

(j> •• (a!/, ,T), 
y=l J l y (3. 27) 

r 
L ~?. (a!/, ,T), 
y=l l- J y (3.28) 

(3. 29) 

and where Eqs. (3.19), (3.20), (3.21) and (3.22) are expressed in 

terms of and The foregoing four '!'-terms are 

essentially the characteristic values of the Eulerian velocity product 

and velocity cross products for the entire turbulence box. They 

resulted from trajectory, particle-space and, finally, reference-

plane averaging procedures. It is of considerable significance to 

point out that the~e three average processes represent basically an 

interweaving of space and time averagings within the turbulence box. 

These intrinsic features lead naturally to the inference that these 

'!'-terms can be estimated by ordinary space-time averaging. The space 

under consideration is the volume V of the turbulence box whereas 

the time during which these averages are undertaken is the time 
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interval T necessary for the r x N fluid particles to pass through 

the reference plane. 

The elements constituting the ~~-CS,,) term, which is given by 
1) 

k k Eq. (3.26), are the Eulerian velocity products r .. [s ;(tA) ,,] at 
1) y y 

all points within the turbulence box. These products can be arranged 

in time every point k in this box. Such a sequences at xt (or s ) y 

typical position is shown in Fig. 3.6. Due to this grouping the 

Eulerian velocity product at each point xt can be expressed for 

all time t by r .. (xn,t,,). 
1) )(; 

Each time sequence comprises all 

successive velocity products during the time interval T at any 

point. Subsequent time averaging of such a time sequence furnishes 

exactly the local ordinary Eulerian autocorrelation 

R . . (x 0 ;,) 
1) )(; 

T 

=½I 
0 

r . . (x 0 ;t,,) dt, 
1) )(; 

(3. 30) 

at position xi. Then the domain integral over the volume V of the 

turbulence box of all the common Eulerian autocorrelations supplies 

the equivalent space-time average representation of the reference-

plan~ average value of ~!.(S,,), viz., 
1) 

~!.(S,,) = !.f R .. (x 0 ;,) dV. 
1J V 1J )(; 

V 
(3. 31) 

Next, the constitutents of the remaining three Eulerian ~-terms 

in Eq. (3.25) consist of velocity-velocity derivative (Eqs. (3.27) and 

(3.28)) and double velocity derivative (Eq. (3.29)) cross products 

at positions located solely in the A- and B-po'int planes along the 
k same trajectory s . y The coordinates of such a pair of points are 

a - x and bk = b
0 ty - £ ty )(; or and in the spatial and 
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natural frames, respectively. These coordinates are portrayed in 

Fig. 3.6. In a similar manner as for '¥!. (S,,), the various cross 1J 
products composing these three '¥-terms can be rearranged into time 

sequences for every pair of points. As a result of this sorting the 

velocity-velocity derivative cross products can be represented at 

all time t by C . . (b n , X n , t + T , t) J , 1m :rv :rv 
and c .. (x 0 ,b 0 ,t,t+,). 1,Jn :rv :rv 

Similarly, the double velocity derivative cross product can be 

expressed at all time t by C •• Cxn,bn,t,t+T). 1m,Jn :rv :rv 
Time averaging 

over time sequences of the foregoing cross products during time 

interval T yields the Eulerian space-time cross-correlation 

functions 
T 

C . . (b Q, , X Q, , T) = }f c .. (bt,xt,t+,,t) dt, 
J , 1m J, 1m 

0 

T 

C .. (xt,bt,,) = }f c .. (xt,bt,t,t+T) dt, 
1, J n 1, Jn 

0 

and T 

C. . (xt,bt,,) = }f c. . (xt,bt,t,t+T) dt. 
1m,Jn 1m,Jn 

0 

(3. 32) 

(3. 33) 

(3.34) 

The space-time average values for these three '¥-terms are subsequently 

estimated by simple area integration over the reference plane S of 

the above three space-time cross-correlations. Hence, the equivalent 

space-time average representations of the reference-plane averages of 

the last three '¥-terms in Eq. (3.25) are 

m 
00 

(UC T) 1 I 
'¥~ . (S,,) =E C . . (b Q,, X Q, , T) dS, (3.35) 

J1 m=l (m+l)! S J , 1m 
s. 



and 

00 

'f? · (S~ T) = l ] , ~l 

35 

n n-
( -1) (UC T) 1 ( 

(n+l)! sJ s 
C . . Cxn,bn,-r) dS, 1,Jn "' "' 

()') 00 

'l'~ ·(S T) = 1: 1: 
c-1/cu -r)m+n 

C lf 
1) ' m=l n=l 

( l) 1 -5 C. . (x 0 ,b 0 ,-r) dS. m+n+ . 1m,Jn "' "' s 

(3.36) 

(3.37) 

In these tlrree foregoing equations the distance along each trajectory 

(s~)Y was approximated by the length ~ of the turbulence line in 

accordance to Eq. (3.24). Computation of all these four Eulerian 

~-terms is evidently contingent upon simultaneous knowledge of the 

Eulerian autocorrelations R . . (x 0 ;-r) at all points in the turbulence 
1) X, 

box and of the Eulerian cross-correlations C . . (b 0 ,x 0 ,-r), 
J , 1m "' "' 

C .. (x 0 ,b 0 ,-r) and C .. (x 0 ,b 0 ,-r) at all positions in the A- and 1 , J n "' )I.,. 1m, J n "' "' 
B-point planes. This involves in practice the use of an array of 

probes which monitor concurrently the turbulent velocity at all 

points of interest within a flow field. 

It is plausible that the last three ~-terms in Eq. (3.25) can 

be disregarded since they are composed of correlations between 

velocity and/or velocity derivatives. The interrelation between the 

turbulent ve locity and its derivatives is progressively weakened with 

increasing order of differentiation. As a result correlations between 

a turbulent velocity and the derivative of another turbulent velocity 

or between two turbulent velocity derivatives basically cannot be 

expected to take on values even as large as the correlation between 

the actual velocities. With augmenting streamwise distance ~ of 

the turbulence box, and hence with time lapse -r, the correlation 
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between two velocities in the A- and B-point planes generally 

decreases. Then in all likelihood, the three Eulerian space-time 

cross-correlations vanish rapidly with increasing space and time 

separations. Therefore, the Lagrangian autocorrelation can be 

practically approximated in terms of the usual Eulerian autocorrela-

tions by the relationship 

L .. (S,r) "' .!_ J R .. (xQ_;-r) dV 
lJ V V lJ 

(3.38) 

whenever the last three Eulerian ,-terms, i.e., the Eulerian 

velocity cross products, can be neglected. Experimental examination 

of the cross-correlations given by Eqs. (3.32), (3.33) and (3.34) is 

however imperative to ascertain whether these terms can be satisfac-

torily disregarded. 

The foregoing relationship for the Lagrangian autocorrelation is 

not constrained to either homogeneous and/or isotropic turbulence. 

Such ideal flows, on the other hand, enable considerable simplifica-

tion of the former expression. If the flow is homogeneous the 

Eulerian autocorrelation is independent of its position xi within 

the turbulence box, i.e., R .. (x 0 ,T) = R .. (T). Then it follows lJ ,., lJ 

formally from Eq. (3.38) that 

L .. (S,T) = L .. (T) "'R . . (T). lJ lJ lJ (3.39) 

In isotropic turbulence the Eulerian autocorrelation is moreover 

independent of direction, i.e., R . . (T) = R(T). The corresponding 
lJ 

Lagrangian autocorrelation can be then deduced from a single Eulerian 

autocorrelation since Eq. (3.39) becomes 

L .. (T) = L(T) ::: R(T). lJ (3. 40) 
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It is important to point out that truly homogeneous and/or isotropic 

turbulence are not realizable particularly in the atmosphere. Hence, 

Eq. (3.38) is to be utilized for estimation of the Lagrangian auto-

correlation for any flow. 

It is interesting to mention that the Lagrangian autocorrelation 

expression for homogeneous turbulence given by Eq. (3.39) is 

intrinsically similar to the linear autocorrelation model set forth 

by Hay and Pasquill [21] when the stretching factor equals one. 

In addition, the equality of the Lagrangian and Eulerian 

autocorrelations in isotropic turbulence with zero mean flow was put 

forward by Deissler [32] in the moving-frame autocorrelation approach. 

The concept of a turbulence box was indirectly advanced in the 

the probability method inasmuch as a domain integral was employed in 

estimating the Lagrangian autocorrelation. 
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4. EXPERIMENTAL APPARATUS 

The objective of the experimental program was to investigate the 

turbulent transport properties in the extreme lower atmosphere under 

dry conditions. Specifically, the estimation of the momentum exchange 

coefficient, i.e., the eddy diffusivity, was sought. The extreme lower 

atmosphere was defined as the earth-atmosphere interface which was 

assumed to extend up to about 5 m (16.4 ft) above the earth's surface. 

Such a study could not be accomplished by measuring the features of 

naturally occurring turbulence due to the continuous changing weather 

conditions. Moreover, it was desired to obtain such a flow that could 

be further utilized for studies of water vapor and/or contaminant 

(pollutant) turbulent mixing under controlled circumstances. Labora-

tory simulation of atmospheric flows is, to a large extent, disputable 

since exact dynamic similarity, i.e., Reynolds-number equality, is not 

readily achievable. In the lower atmosphere the Reynolds number based 

on the largest possible eddy size and the ambient wind is of the order 

of 106 or greater (using the kinematic viscosity). Within this layer 

the maximum eddy size which can be sustained is at most equal to its 

thickness, viz., 5 m. Such high Reynolds numbers cannot be obtained in 

the laboratory, e.g., in wind-tunnel flows, and, consequently, under 

the assumption that the atmospheric flow is inertia dominated the 

requirement of dynamic similitude is commonly relaxed. 

For these reasons, the atmospheric flow was simulated using the 

wake flow generated by a 3.04 m (10 ft) diameter, 6-blade fan of 

variable pitch (Hartzell Propeller Fan Co., Model Al20-6) installed at 

a field site. Generally, the prevailing wind at this field site is 

approximately 3.6 m/s (8 mph). The fan, which was driven by an 
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internal combustion engine, could produce air speeds up to about 15 m/s 

(49 ft/s). Turbulent eddies within the wake were expected to possess a 

maximum size at the least equal to the fan diameter. The Reynolds 

number within the wake was roughly of the order of 106 and, therefore, 

the condition of dynamic similitude was met. 

The fan constitutes the core of the Colorado State University En-

vironmental Field Station (EFS) . This fan and its anchored supporting 

structure a.re located on flat grassland. Its wake is free of immediate 

downwind natural and/or man-made obstructions to about 300 m (984 ft). 

The geometric centerline of the fan is positioned 3.04 m (one fan di-

ameter) above the surface. The EFS is equipped with an Analog Data 

Acquisition System (ADAS) installed in a mobile trailer. This trailer 

is located outside the wake at a distance larger than 20 m (~66 ft) 

from the fan's centerline and about 60 m (197 ft) downstream of the fan. 

The ADAS is capable of collecting, recording, preparing, qualifying and 

preliminary on-line analysis of the data. Measurement probes were 

mounted on stands 3 and/or 4.5 m high placed in the wake at selected 

positions. Guys prevented the stands from swaying. 

The experiment was conducted under calm or near calm conditions 

with winds not exceeding about 1 m/s (~2 mph). These conditions occur 

frequently at the field site since base temperature inversions prevail 

almost daily in early morning and at twilight. The Richardson number 

in this experiment, which indicates the flow stability, was about 0.002 

(see Sect . 6.1.1). Under an inversion, i.e . , stable conditions, tur-

bulence is sustained when the Richardson number is positive and less 

than 0.2 [7,22]. Ambient wind was measured by means of a cup anemom-

eter (Belfort Instrument Co., Wind Speed Transmitter, Type M) placed 
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outside of the wake. Its signal was continuously monitored utilizing 

a digital voltmeter (Hewlett-Packard Co., Model 3440A). The vertical 

variation of the ambient temperature was measured by means of four 

shielded mercury thermometers (Van Waters & Rogers, Type 61001-044) 

mounted on an 18 m (59 ft) tower located near the ADAS. The field 

station layout and all important dimensions are depicted in Fig. 4.1. 

A picture of the fan and the field site is provided by Fig. 4.2. 
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5. EXPERIMENTAL TECHNIQUE AND INSTRUMENTATION 

5.1 Flow visualization 

Flow visualization was extensively conducted to provide an overall 

qualitative view of the flow pattern within the wake. It was espe-

cially important for ascertaining the predominant sizes of the tur-

bulent eddies and to observe their streamwise behavior. · Two visual-
.,, 

ization methods were employed, smoke and balloons. Smoke grenades 

were attached to stands located at selected positions in the wake at 

several heights. These grenades emitted a continuous relatively dense 

red smoke for a duration of about 2 min. The turbulent eddies en-

trained the smoke and, thereby, the streamwise turbulent transport 

and diffusion became clearly visible. 

Ordinary rubber balloons were inflated with helium to a neutrally 

buoyant size. Five balloons were attached to one stand symmetrically 

about the fan's geometric centerline at vertical increments of 0 . 5R 

(fan radius R = 1.52 m (5 ft)). When the stand was placed in wake, 

the balloons were captured by the eddies indicating their relative 

strength and size at that particular position. Subsequent simultaneous 

release of the balloons yielded further visualization of the turbulent 

flow patterns and the downstream change of the eddies' sizes and 

strengths. Two color movies were produced showing the smoke and bal-

loon patterns within the wake. The movies were made using a 16 mm 

movie camera (Paillard Inc., Model Bolex H-16 Rex). 

5.2 Mean velocity and turbulence measurement 

The wake was expected to stretch at least 68 m (223 ft) longitudi-

nally and 6 m (20 ft) laterally. This extent was estimated by 
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similitude based on a preliminary investigation of a wake produced by a 

small indoor fan [42]. Longitudinal mean velocity U along the fan 

centerline was measured by means of a single hot-wire anemometer. To 

obt ain a clear picture of the axial mean velocity variation the hot-

wire pr obe was initially placed SR (7.6 m (25 ft)) downstream of the 

fan and, subsequently, moved in steps of l R (1.52 m (5 ft)) up to 

14R (21.28 m (70 ft)). The turbulence characteristics within the 

field flow were measured by the .simultaneous use of an array of five 

hot-wire anemometers. To avoid perturbations generated by the fan 

supporting structure , the hot-wire probes were positioned at distances 

greater than 7R (10.64 m (35 ft)) downstream of the fan [42], All 

hot-wire probes were positioned along the fan centerline, i.e., at a 

height h = 3.04 m (10 ft) above the ground, lR apart, with the first 

probe located lOR (15 . 2 m (SO ft)) from the fan. The turbulence 

measurement range thus extended from x = 15.2 to 21.28 m (50 to 

70 ft), and the hot-wire probes were located at x = 15.2, 16.72, 

18.24 , 19.76 and 21.28 m (SO, 55, 60, 65 and 70 ft). In this region 

the lateral and vertical mean velocity components, i.e., V and W, 
were anticipated to be much less than 10% of the longitudinal mean 

·velocity U [42]. Since a hot wire is most sensitive to the 

velocity's normal component according to the cosine law [43], the 

sensors were aligned normal to the longitudinal component of the, 

mean velocity IT. In terms of the system of coordinates utilized, 

the probe axis was parallel to the z-direction (vertically) and the 

sensor axis was parallel to they-direction (laterally). The probes' 

arrangement and the system of coordinates used are portrayed in 

Fig. 5.1. 
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Basically, a hot-wire anemometer measures the cooling due to the 

flow of an electrically heated fine wire. Previous experiments 

clearly indicate that there is a power dependence of the heat transfer, 

i.e., Nusselt number, on the Reynolds number (based on the undisturbed 

mean velocity and the wire diameter). The value of the exponent varies 

from 0.45 to 0.52 [43,44,45] but, generally, a square-root law, i.e., 

the so-called King's law, is employed [43,45,46]. Whenever the fluctu-

ating velocities in they- and z-directions are negligible with respect 

to the instantaneous velocity normal to the wire (IT+ u), the relation-

ship between the total voltage drop across the wire and the velocity is 

1 
(E + e) 2 = E; + A(IT + u)~, (5.1) 

where u is the velocity fluctuation parallel to the mean velocity IT, 

and the overbar denotes ·time-averaged (mean) value. The voltage in 

still air (at zero velocity or shielded sensor), which is a constant 

under the selected operating conditions, is designated by E • 
0 

In 

Eq. (5.1) E stands for the time-averaged voltage (DC) necessary to 

balance the bridge under steady conditions which is proportional to the 

mean velocity IT. The instantaneous voltage (AC) arising from the 

fluctuating velocity u is denoted by e. The constant A is experi-

mentally determined from the calibration of each particular wire. Its 

value depends on wire configuration and material and is affected by air 

properties. Furthermore, both E 
0 

and A depend upon the resistance 

ratio of the bridge N = Rw/Rwco' viz., the ratio of the heated wire 

resistance under working condition 

air R wco 

R w to its cold resistance in still 

Under the assumption of small fluctuations, i.e., u/IT << 1 and, 

hence, e/E << 1, the higher order terms in the binomial expansion of 
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(E +. e) 2 and 
!,: 

(U + u) 2 can .be neglected. Next, after some 

manipulations, the turbulence intensity,' which is commonly defined as 

u /IT, is given by rms 

where [46] 

u rms --= 
u 

e 
4M~ 

E 

M = 1/[1 - 1/(1 + m) 2]. 

The flow factor due to the voltage drop is 

in which the DC voltage drop 

m = 1:1E/E , 
0 

1:1E = (E - E ). The subscript 
0 . 

(5. 2) 

(5. 3) 

cs. 4) 

rms des-
-!,; 

ignates square-root of mean (time-averaged) square values, i.e., (u2 ) 2 

-1 

and (e 2 )~. In addition to the condition of small fluctuations, the 

mean velocity must be high enough such that m > 0.2 for Eq~ (5.2) to 

be valid [46]. Otherwise the coefficient M becomes very large since 

M ~ 00 as m ~ O. In this experiment the velocity range of interest 

was up to about 10.1 m/s (~33.1 ft/s), the value of m ranged from 

0.22 to 0.39, and the longitudinal turbulence intensity varied up to 

about 30%. The level of fluctuating signal (AC) was consistently about 

ten times smaller than the DC component (1:1E) throughout all measure-

ments. Representative values for all five probes are listed in 

Appendix I I. 

5.3 Hot-wire anemometer measuring system 

The hot-wire anemometer utilized in this work is a novel constant-

temperature system conceived, designed and built at the Fluid Dynamics 
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and Diffusion Laboratory, Colorado State University [47). Commercially 

available hot-wire anemometer units could not be employed since they 

are commonly designed for a specific length of the cables connecting 

the sensor to the bridge of the system. This results from the need 

to account for the leads' resistance when measuring the wire resistance 

and balancing the Wheatstone bridge of the anemometer under both 

cold and hot conditions. The cables' length is usually limited to 

about 6 to 9 m (20 to 30 ft). Moreover, the noise level of available 

units is relatively high, viz., more than a few millivolts rms, and 

increases significantly with the leads' length. In addition, the fre-

quency response is drastically affected and reduced by long cables. 

To overcome the shortcomings of limited cables' length a three-

lead bridge system was devised for the CSU hot-wire anemometer [48). In 

this system the sensor, which is an arm of the bridge, is connected to 

the bridge by means of three leads. This new design permits efficient 

remote use of a hot . wire anemometer, which is of prime importance in 

atmospheric measurements. The length of the leads connecting the sensor 

to the unit can be in excess of 150 m (492 ft). The three-lead bridge 

balance is independent of the cables' length 'and, thus, of their resis-

tance. Consequently, the balance of the bridge and the noise level 

of the unit are unaffected by the leads. The frequency response is 

only slightly affe,cted by the cables' length, viz., it is diminished 

by about 20 to 30%. 

The CSU constant-temperature hot-wire anemometer is based on a new 

dual-amplifier concept [47]. In addition to the commonly used feedback 

amplifier, a second operational amplifier is employed to control the 
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current through the bridge . This current amplifier insures a high 

stability and extremel~ low noise. The drift in the value of the out~ 

put signal is less than 1% over about 100 h of continuous operation. 

In this experiment the noise of the anemometer with cables of 150 m 

length ranged from 350 to 750 µV rms. The AC signal proportional to 

the fluctuating velocity was of the order of 40 to 60 mV rms and thus, 

the signal-to-noise ratio (S/N) varied from 53 to 171. The fluctuat-

ing velocity can be measured with a resolution better than 0.5% of the 

mean velocity . With 150 m length of cables the frequency response of 

the unit is about 70 to 80 kHz. 

Furthermore, the CSU hot-wire anemometer unit is a versatile sys-

tem with several important built-in signal conditioning capabilities. 

Two ranges of wire resistance R , up to 10 Q and from 10 to 50 Q WCO 

are provided. This pennits the use of a great variety of sensors and 

a wide range of resistance ratios. Within the 10 Q range the wire 

resistance can be measured with a resolution of 0 , 005 n, whereas 

beyond 10 Q the resolution is 0.025 n. To control the hot-wire 

sensitivity, the bridge resistance ratio N (or overheat ratio) can 

be set at any desired value within the foregoing two resistance ranges. 

Either the voltage across the bri~ge or the current flowing through it 

are displayed on the unit's digital panel meter (DPM) with an accuracy 

of 1 mV and 0 . 1 mA , respectively. The value of the signal displayed on 

the DPM is proportional to the instantaneous velocity and can be held 

at any instant to permit easier reading. Moreover, the displayed volt-

age can be time integrated over periods of 5 , 10 and 20 s supplying a 

better value for E - U. 



47 

The hot-wire anemometer unit possesses identical front and rear 

output channels, each capable of operating independently of the other. 

This allows different operations to be performed simultaneously on the 

output signal. Each output channel is equipped with identical variable 

low-pass filter and amplifier. Both can be varied in steps from 1 to 

50 kHz for the former and from 1 to a gain of 100 for the latter. Time 

averaging of the rear output signal can be performed over periods of 10, 

20 and 30 s by means of a built-in averaging circuit. Thereby, on-

line recording of the DC signal proportional to the mean velocity can 

be carried out. By means of independent suppression networks the DC 

level of both output channels can be adjusted to any desired value 

between the zero-velocity voltage E and the total output voltage 
0 

E = E 
0 

voltage 

+ ~E. It is generally efficient to suppress the still-air 

E and, hence, measure the voltage drop caused by the flow, 
0 

i.e., ~E = E - E = ~E + e. Consequently, the resolution and accuracy 
0 

of the measurement of the output voltage are greatly improved. Higher 

amplifications of the suppressed signals are readily achievable. This 

feature is of particular significance when the output signals are 

recorded on magnetic tape and analyzed employing other instrumentation. 

All the performances of the hot-wire anemometer system, i.e., frequency 

response, filter cutoff, gain, time averaging, S/N, can be easily 

checked on-line using a sine wave and DC test signals. A general 

view of the CSU constant-temperature hot-wire anemometer unit is pro-

vided by Fig. 5.2. 

The signals 6E generated by the array of five hot-wire 

anemometers used in this experiment were recorded simultaneously on 

magnetic tape. A threefold amplification, i.e., a gain GH = 3, was 
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applied to all signals. Additionally, a 1 kHz lo~-pass filter was 

continuously employed to cut off extraneous RF waves which were 

occasionally inducted into the long cables. In connection with the 

hot-wire anemometer measuring system, an Analog Data Acquisition 

System (ADAS) was employed for data collection, recording, preparation, 

qualification, reduction and analysis. This ADAS consisted of the 

following equipment: 

(1) An FM magnetic tape recording system (Ampex Corp., Portable 

Magnetic Tape Recorder/Reproducer, Model CP-100, see 

Sect. 5,4) for simultaneous recording of signals from the 

five hot-wire array for future analysis; 

(2) An analog correlator system (Princeton Applied Research Corp., 

Correlation Function Computer, Model 101A, see Sect. 5.5) for 

preliminary on-line and subsequent detailed autocorrelation 

analysis of the output signals; 

(3) A wave analyzer (General Radio Corp., Sound and Vibration 

Analyzer, Type 1564-A) for on-line frequency spectral 

analysis; 

(4) Four dual-beam oscilloscopes (Tektronix Inc., Model 502A) for 

quick assessment of the output signals from the array of five 

hot wires and for monitoring their simultaneous recording 

on magnetic tape; 

(5) Two oscilloscope cameras (Tektronix Inc., Model C-12) for 

obtaining oscillograms of the turbulent signals; 

(6) Two true root-mean-square meters (Ballantine Laboratories 

Inc . . , Model 320A) for measurement of rms values; 
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(7) A digital DC voltmeter (Hewlett-Packard Co., Model 3440A) for 

monitoring the DC output voltages; 

(8) A function generator (Hewlett-Packard Co., Variable Phase 

Function Generator, Model 203A) for check-out of the hot-wire 

anemometer unit; 

(9) A DC voltage supply (Electronic Development Corp., Precision 

DC Voltage Standard, Model VS-11 - R) for check-out of the hot-

wire anemometer unit. 

A block diagram of the hot-wire anemometer measuring system, i.e., the 

hot-wire anemometer unit and the ADAS, is portrayed in Fig. 5.3. An 

overall view of the ADAS is provided by Fig. 5.4. 

A copper-plated tungsten wire of 0.0089 mm (0.00035 in) diameter 

and of about 1 mm (0.04 in) length was used (Flow Corp., Hot-Wire 

Filament, Type W3). Its aspect ratio, the ratio of its length to 

diameter £/d, was approximately 110. Single wire probes were used 

throughout the experiment, with the sensor mounted normal to the probe 

axis (Flow Corp., Probe, Type B-1-C). 

Calibration of the hot wire was performed utilizing a standard 

calibrator (Thermo-Systems Inc., Calibrator, Model 1125). Before every 

run the wire was cleaned using a concentrated cleaning solution of po-

tassium chromate and sulfuric acid (K3cro4 + H2so4). A bottle of com-

pressed dry air maintained at ambient temperature was available at the 

field site to permit calibration before and after each run. The auxil-

iary calibration system is included in the block diagram shown in 

Fig, 5.3. The pressure drop across the calibrator nozzle was measured 

using an electronic pressure meter (Trans-Sonic Inc., Equibar Pressure 

Meter, Type 120A). In connection with the calibration, the ambient 
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temperature and barometric pressure were continuously monitored by 

means of a mercury thermometer (Van Waters & Rogers, Type 61001-044) 

and an aneroid barometer (Friez Instruments Div., Bendix Aviation 

Corp., Cat. No. 620). A sample of the kind of calibration curves ob-

tained is displayed in Fig. 5.5. Within the velocity range of interest 

it was found that the ½-power law was reasonably satisfied. 

5.4 Data recording 

In this experiment, as previously mentioned, the signals from the 

array of five hot-wire anemometers were continuously and simultaneously 

recorded and stored on magnetic tape. The recording was imperative to 

enable further reduction of the data and, particularly, to permit the 

autocorrelation analysis. A versatile analog tape recorder (Ampex 

Corp., Portable Instrumentation Magnetic Tape Recorder/Reproducer, 

Model CP-100) was utilized to record the total instantaneous voltage 

drop tE = tE + e generated by each of the five hot-wire anemometers. 

The recording was performed using a 1 in wide tape, i.e., 14-track tape. 

Frequency modulation (FM) recording was employed since this procedure 

is particularly adequate for low-speed turbulence data. The FM pro-

cess is characterized by its capability ·to record low frequency sig-

nals, by its low noise, viz., S/N greater than 40 dB, and, moreover, 

possesses the ability to record DC voltages. 

In FM recording procedure the frequency of a constant amplitude 

carrier wave is varied (or modulated) in accordance with variations of 

the input data signal (the modulating or information-bearing signal). 

The carrier is commonly a square wave of a frequency f, called the 
C 

center carrier frequency, larger than the maximum frequency of the 



data signal f . m 

51 

In response to the instantaneous voltage value 

of the modulating signal, the instantaneous frequency of the modulated 

signal deviates linearly about the center carrier frequency within a 

deviation frequency range 6f. A DC input signal augments or diminishes 

the center carrier frequency depending upon its polarity and directly 

proportional to its magnitude. A zero input signal yields a modulated 

signal of exactly same frequency as of the carrier. An AC modulating 

signal alternately increases and decre ases t he center carrier frequency 

at a rate equal to its frequency. Commonly, a modulated signal band-

width extending from 0.6 to 1.4 f, i . e ., +40% maximum deviation of 
C 

the center carrier frequency f, is used [49]. 
C 

Therms value of the 

input signal amplitude yielding a peak 40% frequency deviation, i.e., 

the 40% deviation voltage, can be adjusted to any desired value within 

a range fr001 0.7 to 10 V rms [49 ]. Thus , the modulated signal is 

a square wave of continuous varying width. Its amplitude is exactly 

equal to that of the carrier since the frequency-modulated signal 

is recorded at saturation. 

Determination of the FM recording center carrier frequency f 
C 

and tape speed S depends upon knowledge of the maximum frequency 

of interest of the input data signal f . m The center carrier fre-

quency f 
C 

and the nominal data bandwidth B, i.e., t he bandwidth of 

the information-bear ing signal which is recorded and reproduced, are 

interrelated according to the specified IRIG standards [49,50]. Elimi-

nation of undesired interferences be tween the highest frequency of the 

data signal f and the lowest deviation frequency 0.6f m C 
is achieved 

when a frequency interval greater than about 1.5 octaves (0.6f /f > 
C ID 

2,83) is provided [49,50,51]. Furthermore, faithful demodulation, 
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i.e., reproduction of the input signal, is ensured when the bandwidth 

of the modulated signal 26f is, at the least, four times larger than 

the bandwidth of the data signal f [51]. m 

A preliminary discrete spectral analysis of the signals generated 

by the array of hot-wire anemometers was conducted using a wave anafyzer 

(General Radio Corp., Sound and Vibration Analyzer, Type 1564-A) to 

ascertain their maximum frequencies of interest. It was found that 

the turbulent energy for all the signals at frequencies beyond 500 Hz 

was insignificant, viz., less than 1% of the total energy. Moreover, 

the energy spectrum up to 250 Hz contained, in all cases, more than 

95% of the total energy, i.e., f = 250 Hz. Consequently, a nominal m 

data bandwidth B = 625 Hz was selected to warrant reliable recording. 

The recording was carried out using the standard narrow band mode 

and, hence, the corresponding center carrier frequency f was 3375 Hz 
C 

[49,50]. Once f is determined, the tape speed S is uniquely 
C 

established. The former in kH z is equal to 0.9 of the latter in ips 

(inches per second) for the narrow band FM recording employed [49,50, 

51] and, hence, a tape speed S = 3-3/4 ips was used. Since the tape 

speed of the recorder can be varied in six steps from 1-7/8 to 60 ips, 

playback at higher speeds allows analysis of very-low frequency signals. 

Note that the frequency transformation is directly proportional to the 

change in tape speed, The center carrier frequency was 2.44 octaves 

higher than the nominal data bandwidth, i.e . , f /B = 5.4, and the band-c 

width of the modulated signal extended from 2025 to 4725 Hz, i.e., 

+ 40% deviation frequencies. Thus, the lowest frequency deviation was 

1.7 octaves larger than B, viz., 0.6f /B = 3.24. 
C 

Moreover, the band-

width of the modulated signal 26f was 4.32 times the nominal data 
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bandwidth. The modulation index, i.e., the ratio of the maximum 

deviation frequency to the highest modulating frequency mf = ~f/B, was 

2.16. For this particular value the S/N is greater than for other 

values of mf [41]. The recorder was adjusted for a 40% deviation of 

1 V rms. Thus, an instantaneous input amplitude of 1.414 V yie lded a 

maximum frequency deviation of either l.4f or 0 .6f depending upon 
C C 

its polarity. A check of the linear dependence of both modulation and 

demodulation upon the data signal amplitude revealed that it was within 

1.5% up to 1.414 V rms, i.e., 56% deviation frequency. Consequently, 

the input voltage was maintained at a level lower than or equal to 

1.414 V rms which corresponds to an instantaneous 2 V peak. 

To efficiently carry out the recording, it was necessary to 

consistently suppress the hot-wire anemometer output signal at zero 

velocity E which varied from l . s· to 2 V. This suppression was 
0 

performed by means of the anemometer unit's built-in suppression net-

work. Subsequently , the total voltage drop due to the flow ~E, which 

generally ranged from 0.4 to 0.65 V, was continuously amplified three 

times, as previously mentioned, using the anemometers built-in output 

amplifier (GH = 3). Thus, the instantaneous amplitude of the condi-

tioned input signal ranged from 1.2 to 1.95 V, and its rms value varied 

roughly from 0.85 to 1.38 V. In most cases the input signal was of 

same polarity and, hence, frequency deviation above the center carrier 

resulted. The leve l of the hot -wire anemometers' fluctuating signals 

(AC) was generally between 40 and 60 mV rms . Due to the threefold 

amplification (GH = 3) and since the noise level of the recorder was 

about 350 µV rms, the recording S/N was greater than 50 dB, i.e., 

larger than 340 times. 
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It was important to record the voltage time history of the 

signals produced by the hot-wire anemometers over sufficiently long 

time interval to permit data editing, preparation, qualification and, 

particularly, adequate analysis. Data editing refers to pre-analysis 

procedures designed to detect and eliminate spurious and/or degraded 

signals. Such signals may result from acquisition and recording pro-

blems, e.g., excessive noise, signal dropout and malfunctions of the 

transducers. Data preparation involves conversion of the electrical 

signal into engineering uni ts, i.e., calibration, and formation of data 

loops for continuous analog display. 

The record length is of considerable significance in relation to 

data qualifications and subsequent analysis. Evaluation of the station-

arity of the random data and generation of an equivalent ensemble are 

strongly affected by the available sample record length T The ra 
data analysis and interpretation of the results depe~d upon the aver-

aging time T required to compute the various statistical parameter 

estimates. Usually the averaging time is smalle.r than or equal to the 

sample record length. It is desirable to select a sample record length 

such that the computed statistical averaged parameters are within 

acceptable confidence levels. The formulas relating their norm~lized 

standard errors (rms errors) to the averaging time T and the finite 

bandwidth of the data include factors which are unknown prior to 

data collection [41]. Furthermore, these error equations are based 

on the assumption of Gaussian (normal) data with zero mean. Conse-

quently, they provide solely a first order rough approximat'ion for 

the averaging time. Since the autocorrelation analysis was of 

primary interest, the normalized mean-square error for the 
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autocorrelation was employed to obtain a guideline for estimating the 

necessary averaging time. This error is given by [41] 

E~ = (1 + a- 2 )/2BT, (5. 5) 

in which B is the nominal bandwidth and T stands for the averaging 

time. The ratio of the smallest amplitude of the autocorrelation R(T) 

to be resolved (Tis the time delay) to its maximum value R(O) (the 

mean-square value) is designated by the resolution coefficient 

a, i.e., a = R(T)/R(O). Notice that the error equation for the auto-

correlation involves only a random error term since the bias error 

vanishes whenever the record length T > T + T. r - Assuming a desired 

resolution coefficient a= 0.02 and a normalized standard error 

ER= 0.1, the required averaging time T = 200 and 500 s when B = 625 

and 250 liz, respectively. To account for the uncertainties in the 

estimation of the averaging time, since it is not feasible to assume 

a priori a normal distribution, a longer sample record is desirable. 

In addition, a relatively long record is necessary to permit the 

generation of an equivalent ensemble. As a result, sample records of 

T = 1 h were employed. ra 
The signal on each track was identified by means of voice and fre-

quency coded headers. The pertinent information, i.e., date, probe 

position and test conditions, was recorded utilizing a microphone and 

function generator (Hewlett-Packard Co., Variable Phase Function Gen-

erator Model 203A). A 100 Hz frequency sine wave of 1 V peak 

(0.707 V rms) was recorded on each track to be used as an amplitude 

calibration signal. Additionally, the sine wave was also recorded 
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continuously throughout each run on a separate track to supply a time 

base signal. The gain of each track GT= 1/A, where A is the ampli-

tude of the calibration sine wave after reproduction. The values of 

GT which varied slightly with the track being used from 0.83 to 1.03 

are presented in Appendix II. 

In conjunction with the calibration of the tape recorder and 

subsequent data recording and analysis, the following additional 

equipment was employed: 

(1) A standard tape recorder calibrator (Ampex Corp., FM Cali-

bration Unit, Mode 1 (TC-10) for cali bra.ting the recording 

and reproducing amplifiers of the tape recorder; 

(2) A digital DC voltmeter (Hewlett-Packard Co., Model 3440A) for 

measuring DC voltages; 

(3) A frequency counter (Computer Measurements Co., Universal 

Counter-Timer, Model 726C) for measuring calibration fre-

quencies; 

(4) A microphone for voice recording of an identification header; 

(5) A DC voltage supply (Electronic Development Corp., Precision 

DC Voltage Standard, Model VS-11-R) for checking the 

linearity of the recording and reproducing amplifiers; 

(6) Four dual-beam oscilloscopes (Tektronix Inc., Model 502A) for 

calibration and for data monitoring during recording and re-

producing; 

(7) An a~alog correlator system (Princeton Applied Research Corp., 

Correlation Function Computer, Model 101A, see Sect. 5.5) 

for extensive autocorrelation analysis; 
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(8) Five strip chart recorders (F. L. Moseley Co., Autograf Strip 

Chart Recorder, Model 680) for hard-copy recording of mean 

and mean-square values; 

(9) Two true root-mean-square meters (Ballantine Laboratories 

Inc., Model 320A) for measuring rms and mean-square values; 

(10) An integrator (Princeton Applied Research Corp~, Operational 

Amplifier Unit, Model 215) for time integration of mean and 

mean-square values. 

A block diagram of the tape recorder system, incorporating its calibra-

tion systea, is depicted in Fig. 5.6. 

5.5 Autocorrelation computation 

The autocorrelations of the signa ls generated by the array of fiv e 

hot-wire anemometers were computed employing a hybrid correlation 

function analyzer, which will be called a CFA for convenience (Prince-

ton Applied Research Corp., Correlation Function Computer, Model 101A 

[52]). Under the assumption of small velocity fluctuations, i .e. , 

u - e, the turbulent velocity autocorrelation coefficient (or the 

normalized autocorrelation function) is 

R(,) = e(t)e(t-,)/e2 (t), (5.6) 

in which e(t) is the instantaneous fluctuating AC voltage arising 

from the fluctuating velocity u(t), and the overbar designates time-

averaged values. The fluctuating signal delayed by time , is 

e(t-,), and e 2 (t) stands for the mean-square value of the signal 

which is proportional to the autocorrelation at zero-time delay. Note 



58 

that e(t)e(t-,) = e(t)e(t+,) whenever e(t) is a stationary signal 

[ 41]. It is further, important to remark that the autocorrelation is 

equal to the autocovariance since the turbulent velocity possesses zero 

mean. 
Computation of the autocorrelations were performed using the 

-signals recorded on FM magnetic tape. Since the anemometer total 

voltage drop 6E = 6E + e was recorded, it was necessary to suppress 

its DC component 6E proportional to the mean velocity if. This sup-

pression was achieved by utilizing the CFA in its AC coupling mode, 

which is equipped with a high-pass filter whose cutoff frequency is 

0.32 Hz. Any smaller frequency components were assumed to pertain to 

the DC signal and, therefore, were disregarded. Moreover, since the 

AC component was roughly ten times smaller than the DC signal, the 

suppression of the latter allowed the use of the full dynamic range of 

the CFA input amplifier. 

Estimation of the autocorrelation was accomplished by digitally 

sampling the input signal which is to be delayed, delaying the samples 

within a computation period time, multiplying the delayed samples by 

the original input signal and averaging the lagged products in an RC 

integrator. The signal to be delayed was fed to channel A of the CFA 

where it underwent adequate digitization. Simultaneously, the ,input 

signal was supplied to channel B for further multiplication. An iden-

tical gain Ge= 5 was applied to both channels to ensure a high S/N. 

The output noise N (rms) of the CFA is constant at fixed values of the 

computation period time and RC time constant. Thus, the CFA output 

signal E (,) 
C 

can be readily corrected for the noise by simply sub-

tracting it. At the completion of the computation the output signal 
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E (,) is directly proportional to the turbulent velocity 
C 

autocorrelation since 

in which the overall gain 

E (,) = G e (t) e (t-,), 
C 

where G = 5 C and GH = 3 are the CFA and hot-wire anemometer 

gains, respectively. The values of the tape recorder gain GT, 

which varied slightly with the track being used, are listed 

(5. 7) 

(5.8) 

in Appendix II, as previously mentioned. ~ A low-pass filter (Spencer 

Kennedy Laboratories Inc., Variable Electronic Filter, Model 308A) was 

employed to cut off undesired high frequency components of the signal 

prior to supplying it to the CFA. The filter attenuation GF = 0.61. 

The CFA internally derived calibration constant whose value is 1 V 

is designat ed by C. A flow diagram of the signal in accordance with 

Eq. (5.7) i s provided by Fig. 5.7. Substitution of Eq. (5.7) into 

Eq. (5.6) yields the autocorrelation coefficient in terms of the CFA 

output signal 

where at , = 0 the output signal of the CFA is 

E (0) = G e 2 (t), 
C 

in which G is the overall gain. 

The sa~ling interval h provided by the CFA is 

h = T /100, p 

(5.9) 

(5.10) 

(5.11) 
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where T is the computation period base time which is adjustable in p 

steps from 50 µs to 10 sin 1, 2, 5 sequence. Then, the sampling 

frequency (sampling rate) is 

f = 100/T, s p (5.12) 

which can be varied from 10 Hz to 2 MHz. Proper sampling is ensured 

when the samples contain all the information of the original signal up 

to its highest frequency of interest f . m In other words, it is 

imperative to avoid aliasing (folding). This was achieved by selecting 

a sampling frequency twice the maximua frequency of interest of the 

signal [41,53]. The latter, which is the cutoff frequency, is called 

Nyquist or folding frequency. A sampling frequency f = 500 Hz s 

employed since for all signals the maximum significant frequency 

was 

f m 

was 250 Hz. Then, from Eqs. (5.12) and (5.11) the computation period 

base time and the sampling interval were 200 and 2 ms, respectively. 

The nominal data bandwidth B of the recorded 5ignals was 625 Hz. 

Cutoff of information above the maximum frequency of significant data, 

i.e., at frequencies f > f = 250 Hz, was perfoTmed by filtering the m 

input signals utilizing the previously mentioned low-pass filter. 

Calculation of the output signal 

time T 

E (T) - R(T) 
C 

GIT Ec(T) = 'f e(t)e(t-T) rlt 
0 

over averaging 

(5.13) 

was carried out in the continuous scan lag time method [41]. This 

proce~ure produces a continuous autocorrelogram when RC averaging 
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is employed. The scan rate is automatically adjusted for a lag time 

resolution (or increment) 6, equal to the sampling interval h. For 

this purpose the channel A digitized signal is time shifted in the 

computer shift register throughout 100 incrementally increasing time 

d~lays T with same resolution 6,, i.e., ,. = i6, where 
l 

i = 0 to 99 

and 6T = 2 ms. In other words, each digitized sample is consecutively 

shifted in real time from the initial zero lag time to the final time 

delay, Thus, the computation extends from , = 0 to , = 0.99T. p p 

The total time displacement is equal to the computation period base 

time T. At all 100 time delays the autocorrelation is computed con-p 

currently since the CFA is a multiple lag time correlator. As a re-

sult, the analysis time T s required to obtain the autocorrelation 

within a computation base time is effectively equal to the averaging 

time T. 

It is, further, important to obtain the autocorrelation over a 

sufficiently long time delay to observe its rate of decrease and, 

particularly, how its value approaches zero asymptotically. This is 

of considerable significance for the computation of the exchange 

coefficient. The time delay range was stretched beyond one single 

computation period time, i.e., beyond 

computation period mode of the CFA. 

, = 0.99T, utilizing the pre-p p 

In this mode time displacements 

varying from T p to a maximum of 

computation period base time T . p 

19T p can be piecewise added to the 

This is accomplished by using an 

additional shift register inserted between the sampler and computer 

shift register. The computation, moreover, can be started at any 

fractional delay T /4 p within a computation period base. These 
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fractional time delays can be added to any computation period base. 

Therefore, the computation can be extended from zero lag time up to a 

time delay , =, + (n + 0.25m)T where n and m vary in steps p p 

from Oto 19 and Oto 3, respectively. The piecewise computation 

of the autocorrelation is then achieved by adequate matching of the 

resulting segments. The matching is further facilitated by the 

availability of the fractional time delays. It was found that an 

acceptable picture of the autocorrelation variation including its 

vanishing behavior was obtained using a total time delay of 3 s. 

Hence, the piecewise computation was carried out employing 15 equal 

computation periods T p of 200 ms each. The estimation of the auto-

correlation for each piece was performed in the very same manner. 

At all 100 lag times (or points) within each segment the auto-

correlation integrand, i.e., e(t)e(t-i~,) where i = 0 to 99, was 

evaluate~ in the same way. Multiplication of the time delayed signal 

(digitized channel A signal) with the original undelayed input signal 

(channel B signal) is carried ?ut automatically. Due to quantizer and 

sampler circuitries the digitized signal is consistently delayed by 

additional 15 ns to provide the necessary isolation between them. 

Practically, this built-in delay is completely negligible since the 

sampling interval (or lag time increment) was 2 ms. The lagged prod: 

ucts are averaged in the 100 RC integrators . of same time constant K, 

i.e., K = RC. Simultaneously, the RC networks act as low-pass filters 

with a time constant K smoothing out fluctuations in the instanta-

neous value of the output signal E (,). 
C 
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All the operations involved in computing the autocorrelation at 

all 100 poi nts within each computation period T p are performed con-

currently i n real time. Consequently, the averaging time T, the 

analysis t i me T s and the needed sample record length T r depend upon 

the time constant K of the RC integrator. The analysis time, as 

mentioned earlier, is equal to the averaging time utilized for each 

computation period (or segment). Since the complete autocorrelation 

was obtained by piecewise addition of 15 segments, the total analysis 

time T = 15T. s 

An RC averaging network responds fully yielding an unbiased esti-

mation of the integrated signal when the averaging time T = 4 to 5 K 

and T > [ [41] . Basically, the averaging time T indicates the r 

required time length over which the signal can be assumed self-

stationary. Whenever the autocorrelation of a single sample record of 

a random process does not exhibit significant changes with increasing 

averaging time, it can be inferred that the signal is weakly self-

stationary. Such a signal can be only a realization of an ergodic 
' process and, thus, necessarily of a stationary process. 

To start with, an averaging time of 500 s was estimated using 

Eq. (5.5) when f = 250 Hz. m 
Then, the minimum value of K was 100 s. 

The normalized rms error eR' which is given by Eq. (5.5), decreases 

with increasing averaging time T and, hence, with larger K. The 

former is simply a multiple of the latter, i.e., T = nK. On the other 

hand, the largest possible value of K is affected by the used sample 

record length T • r To a first approximation, the sample record length 

T was assumed to be equal to the averaging time T. r Thus, 

T/5 < K <Tr= T which yields 100 s < K < 500 s. Since no optimum 
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value of K can be readily assessed, it was imperative to estimate it 

empirically within the foregoing bounds. This was effectively attained 

by examining the variation of the CFA output signal at selected time 

delays T. 
1 

as a function of the time constant and continuously 

increasing averaging time T, i.e., E (T.,K,T). 
C 1 

At a specified value 

of lag time T the fluctuations in the output signal diminished with 

augmenting time constant K. The elapsed averaging time corresponding 

to negligible fluctuations was, then, the time required to assume self-

stationarity. 

The output signal E (T.,K,T) 
C 1 

was surveyed at two significant 

time delays for increa.sing averaging time T up to about 1800 s by re-

cording it on a strip chart recorder. Note that the available record 

length T was 3600 s. ra This survey was conducted at three selected 

values of time constant K within the previously mentioned limits, 

viz., at K = 100, 200 and 300 s. The time constant K of the CFA can 

be easily varied in steps from 0.1 to 400 s by simply changing the re-

sistors of the RC networks. The autocorrelation at zero time delay is 

highly sensitive to the RC integrator time constant since it is pro-

portional to the total turbulent kinetic energy u2 • Consequently, 

the output signal at zero lag time E (O,K,T) 
C 

was examined. The 

variations of this signal with increasing averaging time at the three 

values of K are depicted in Fig. 5.8(a). It is, further, natural to 

inspect the output signal change, which is proportional to the auto-

correlation variation, at relatively large values of the time delay. 

With increasing time delay the amplitude of the autocorrelation coef-

ficient R(T,K,T) = E (T,K,T)/E (K), which is exactly the autocor-c C 

relation running resolution coefficient a (T, K, T) (see Sect. 5. 4), 
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diminishes. The fluctuations in amplitude of a(,,K,T) are 

proportional to the changes of the output signal at the particular time 

delay L 
l 

being considered E (,. , K, T) 
C l 

since E (K) is the mean value 
C 

of the signal at zero time delay. It was found that a(,,K,T) < 0.02 

when , = 184 ms. This time delay corresponds to 0.9T. p Recall that 

for ER= 0.1 the required resolution coefficient is 0.02. The varia-

tions of the running resolution coefficient at this time delay 

a(l84,K,T) = E (184,K,T)/E (K) 
C C 

with augmenting averaging time at the 

same three time constants are portrayed in Fig. 5.8(b). In both 

Figs. 5,8(a) and 5,8(b) the averaging time in terms of multiples of 

the time constant K, i.e., T/K = n, is also shown. 

To assess the best estimate for the time constant K and cor-

responding averaging time T a continuous standard deviation test was 

applied to the two representative signals, viz., E (O,K,T) and 
C 

E (184,K,T). This check was performed for all three values of the 
C 

time constant K with continuous increasing averaging time. The 

standard deviation test, practically, permits evaluation of the 

elapsing averaging time necessary to qualify the self-stationarity of 

the sample record. The normalized standard deviation is given by 

' l l N [E (,,K,T.) - ( K) _ ~ c 1 
0 ' L' - N-1 ~ -

K i=l E (K) 
C 

where the mean value is 

_Ec_C,_, K_) ] 21 ½ 
E (K) 

C 

E (, ,K) 
C 

N 
= _Nl l: E (,,K,T.), 

i=l C l 

(5.14) 

(5 .15) 
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and E (K) is the mean value at zero time delay. The latter was 
C 

utilized as the normalizing scale since it represents the total energy 

of the signal. Variations of the signal are of importance only when 

they are referred to its total energy. In Eq. (5.14) the terms 

E (T,K,T)/E (K) and E (T,K)/E (K) are the running resolution coef-c C C C 

ficient a(T,K,T) and its mean value a(T,K), respectively. It is, 

further, worthwhile to point out that Eq. (5.14) is an unbiased, effi-

cient and consistent estimator for oK(T,K) [41]. The computation of 

the normalized standard deviation was carried out employing 18 equally 

spaced values, i.e., N = 18, within continuous increasing averaging time 

in the confidence interval 4K < T < 6K. In all cases, changes in the 

value of i\ (T, K) were completely negligible for T > 6K. Thus, in 

this averaging time range the RC network responded fully. Essentially, 

the crK(T,K) must be smaller than the normalized standard error ER' 

which was assumed to be, at the most, 0.1 (see Sect. 5.4). The results 

of the normalized standard deviation test, for the sake of comparison, . 

are summarized below: 

T (ms) 0 184 

E (K) .. a(184,K) 
.. 

K crK crK C 

(s) (mV) 

100 223 0.041 - 0.010 0.024 

200 223 0.036 0.004 0.014 

300 194 0.022 0.016 0,009 

A time constant K = 300 s was selected for the computation of the 

autocorrelation since the standard deviation was the smallest in this 

case. The confidence interval for the averaging time to meet the 
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condition of self-stationarity ranged then from 1200 to 1800 s. An 

averaging time T = 1200 s (T = 4K) sufficed inasmuch as the level of 

significance of the autocorrelation measurement was not affected by 

its further increase. Then, the necessary sample record length 

T = 1200 s based on the assumption that it is equal to the averaging r 
time T. The total analysis time required to obtain the entire 

autocorrelation, which extended over a time delay interval of 3 s was 

18,000 s since 15 segments were needed. Recall that for each piece the 

analysis time is equal to the averaging time. It is worth mentioning 

that this averaging time enhances the goodness of the autocorrelation 

estimate. The normalized rms error based on Eq. (5.5) when T = 

1200 s, B = 250 Hz and for a= 0.02 is 0.065. On the other hand, 

the standard deviation is only 0.022. Hence, both the efficiency and 

consistency of the estimator are significantly improved. In addition, 

the bias error is completely negligible for T ~ 4K [41]. 

With the completion of the time averaging the output signal for 

each segment E (T), whose time displacement stretched up to T = 
C p 

200 ms, is stored in the CFA 100-channel capacitive analog memory 

which is shown in Fig. 5.7. Each memory channel corresponds to a lag 

time (or a point) of the autocorrelation. Then, the signal is read 
J 

out by sequential scanning of the memory. The read-out can be per-

formed at three scanning rates, viz., f~st, medium and slow, in either 

continuous or single sweep display modes. Within several sweeps the 

memory read-out is nondegrading permitting repetitive scanning of the 

signal. In addition, the scan can be stopped at any lag time T. 
1 

to 

allow read-out of the output signal E (T. ,K,T) 
C 1 

of the corresponding 
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memory channel as the averaging time increases. In this stop read-out 

mode the degradation of the signal is compensated for since the CFA is 

correlating continuously. 

The output signal was read out in the following four modes: (1) 

displayed on an oscilloscope (Tektronix Inc., Model 502A) for on-line 

preliminary monitoring; (2) supplied to an X-Y recorder (Hewlett-Packard 

Co., Model 7035B) for obtaining hard copy of the autocorrelogram; 

(3) fed to a digital voltmeter (Hewlett-Packard Co., Model 3440A) for 

further -digital recording; and, (4) furnished to a strip chart recorder 

(F.L. Moseley Co., Autograf Strip Chart Recorder, Model 680) for record-

ing the signal at selected time delays with continuous increasing 

averaging time. These four read-out modes are illustrated in Fig. 5.9. 

When the signal was monitored on the oscilloscope, the fast read-

out rate in the continuous display mode was utilized. The time re-

quired to scan the · entire memory was 50 ms since in the fast scan rate 

2 points/ms are read out. Additional 10 ms are required to perform the 

built-in internal read-out logic. 

To obtain hard copy of the autocorrelogram using an X-Y recorder, 

the slow read--0ut rate in the single sweep display mode was employed .. 

The entire memory was scanned in 50 s since 2 points/s are read out in 

the slow rate. To carry out the read-out logic functions additional 10 s 

are needed. The X-Y recorder enabled immediate normalization of the 

output signal by its zero lag time value yielding directly the auto-

correlation coefficient, viz., R(,) = E (,)/E (O). This was accom-c C 

plished by adjusting the recorder's vertical sensitivity for a full 
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scale pen deflection when the first channel of the memory was scanned, 

i . e., at T = 0. Then, the 15 segments of the autocorrelation coeffi-

cient were pieced together. Since the output noise N of the CFA is 

constant for all lag times, it was easily subtracted prior to normal-

ization and subsequent recording of the autocorrelogram. During the 

computation it was found that E (0)/N was greater than 33. 
C 

Further analyses using the autocorrelation were .contingent upon 

securing a listing of its amplitude at each time delay. For this 

purpose the signal was fed to a digital voltmeter. Subsequently, the 

digital output of the digital voltmeter was supplied to a digital 

recorder equipped with a paper tape (Hewlett-Packard Co., Model 562A). 

This digital read-out was carried out concurrently with the auto-

correlogram recording. For a single autocorrelation 1500 values 

of its amplitude were printed on the paper tape since the auto-

correlation, which extended over a time displacement of 3 s, consisted 

of 15 segments of 100 points (or lag times) each . In other words, the 

digital read-out of the entire autocorrelation was performed at a rate 

of 500 points/s. The values of the amplitude were obtained with an 

accuracy of four significant digits. In this case, similarly to the 

X-Y recording, the noise was accounted for by simply subtracting it 

from the value of the signal E (T). 
C 

The signals at T = O and 

184 ms, which were employed in the standard deviation test, were 

obtained by reading them out in the stop mode and subsequent recording 

utilizing a strip chart recorder. 

In connection with the autocorrelation computation system in 

addition to the previously mentioned instruments, the following 

auxiliary equipment was used: 
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(1) A FM magnetic t,ape recorder (Ampex Corp., Portable Magnetic 

Tape Recorder/Reproducer, Model CP-100) to provide the signals 

to the CFA; 

(2) A dual beam oscilloscope (Tektronix Inc., Model 502A) for 

monitoring the reproduced signals from the tape recorder, 

and for CFA checkout and alignment; 

(3) An ,oscilloscope camera (Tektronix Inc., Model C-12) to obtain 

oscillograms of the autocorrelograms; 

(4) A function generator (Hewlett-Packard Co., Variable Phase 

Function Generator, Model 203A) to provide a calibration 

signal to the CFA; 

(5) A frequency counter (Computer Measurements Co., Universal 

Counter-Timer, Model 726C) for CFA calibration and check-out; 

(6) A digital DC voltmeter (Hewlett-Packard Co., Model 3440A) for 

CFA check-out and alignment. 

A block diagram of the autocorrelation computation system, including 

its calibration system, is provided by Fig. 5.9. 

5.6 Diffusion measurement 

Computation of the turbulent momentum exchange coefficient KM 

(eddy diffusivity) depends basically upon knowledge of the Lagrangian 

autocorrelation. The turbulent exchange coefficients (eddy transport 

or diffusivity coefficients) for other transferable quantities, e.g., 

KC for mass and K8 for heat, can be subsequently deduced from the 

momentum eddy diffusivity KM. These three turbulent exchange coeffi-

cients are generally different depending upon the stratification con-

ditions. On the other hand, KM"' KC .. KH when the Richardson number 
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of the flow is less than 0.1 [22,54]. Then the turbulent momentum 

exchange coefficient . KM is employed to evalute both mass and heat 

eddy diffusivity coefficients. 

A diffusion experiment was carried out to substantiate the 

predicted c:oncentrations of a gas based on the momentum eddy diffu-

sivity. Th.e gas diffusion experiment was accomplished by continuously 

emitting sulfur hexaflouride SF6 from a point source located in the 

wake. Dos~es of the tracer-air mixtures were collected simultaneously 

at five stations downstream of the gas release point. This experiment 

was performed under identical flow conditions and approximately same 

Richardson number (about 0.002) as those during the turbulence and 

mean velocity survey. 

A sketch of the mass diffusion experiment arrangement is portrayed 

in Fig. 5.10. Five dosage collection points located at exactly same 

positions as the hot-wire probes were utilized (see Fig. 5.1) . To 

avoid perturbations generated by the fan supporting structure and to 

minimize disturbances caused by the release of a gas tracer, the source 

was positioned midway between the fan and the first collection point. 

Thus, the source point was located on the fan centerline at x = SR 

(7.6 m (25 ft)) from the fan. Along the centerline (mean wind 

direction or x-axis) of a continuous point-source generated plume, the 

downstream concentration x is [7,10] 

Q 
X - (5.16) 
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in which Q is the source strength (or emission rate), x denotes the 

downwind distance, and K K Cy' Cz designate the turbulent mass exchange 

coefficients in the lateral and vertical direction. It is important to 

remark that Eq. (5.16) is based on assuming constant eddy diffusivities 

and, thus, provides only a rough representation of the concentration. 

The continuous point source strength Q of SF6 necessary to produce an 

arbitrary concentration along the fan centerline was evaluated, to a 

first approximation, using the data on its diffusion reported Ref. 55. 

This approximation relied on the assumption that the eddy diffusivities 

are the same in both cases. This is supported, to some extent, inasmuch 

as the prevailing meteorological conditions were almost similar during 

these two experiments. The emission rate is then estimated by 

(5. 17) 

where the subscripts 1 and 2 designate this experiment and the data 

presented in Ref. 55, respectively. For an assumed concentration 

x1 = 100 ppb (parts per billion) at x1 = 7.6 m (25 ft) downwind of the 

source, and utilizing Q2 = 2200 cm 3/s (0.0777 ft 3/s), x2 = 650 m 

(2132 ft) and x2 = 14.2 ppb [55], an emission rate Q1 = 182 cm 3/s 

(0.00643 ft 3/s) was approximated. In the light of the discrepancies 

between the predicted concentration by means of Eq. (5.17) and its 

measured value [7,55], it was decided to select a slightly larger 

emission rate. For convenience, a source strength Q1 = 250 cm 3/s 

(0.0088 ft 3/s) was employed. 

Sulfur hexaflouride SF6 was selected as ·the gas tracer since it 

is easily sepaTated by gas chromatography from other constituents of 
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moist air and is highly sensitive to electron-capture detection [55]. 

Its background concentration, except near electrical power transformers, 

is generally smaller than 0.01 ppb [55] and, hence, it was negligible 

with respect to the expected concentration in the wake, viz., 100 ppb. 

Furthermore, SF6 meets the characteristics sought for a gas tracer [56]. 

It is nontoxic, odorless, colorless even in relatively high concentra-

tions, chemically and thermally stable, convenient to handle and 

dispense into air, and samples are readily collected. A bottle of 

compressed SF6 maintained at ambient temperature was utilized for the 

continuous point source supply . . Its emission rate Q was monitored by 

means of a flow meter (Fischer and Porter Co., Flowrator, Tube-B4-21-10, 

Float-BSVT-45). Polyethylene tubing (Imperial Eastman Corp., Poly Flow 

Thermoplastic Tubing, OD= 6.25 mm) was used for all connections of the 

point source and dosage collection points since its retention of SF6 
is insignificant. The dosages were collected by drawing in the tracer-

air mixtures from the collection points through equal lengths of tubing 

into 4 £ (244 in 3) saran bags (Ansepec Co., Saran Plastic Sampling Bag). 

This was achieved by placing the saran bags in a vacuum chamber located 

outside of the wake. At a constant vacuum of 25.4 mm Hg (1 in Hg) 

applied to the chamber, the saran bags sucked the air mixture 

at a filling rate of about 2 m£/s ( 0.12 in 3/s). The vacuum was 

measured throughout the run by a pressure meter (Trans-Sonic Inc., 

Equibar Pressure Meter, Type 120A). 

The SF6 in each collection ,bag was essentially the mean concentra-

tion over the used filling time, i.e., time-averaged dosage. Since the 

collection of SF6 was conducted under flow conditions similar to those 

during the turbulence 'measurement, a filling-averaging time equal to 
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that utilized to meet the self-stationarity condition of the fluctuating 

velocity (see Sect. 5.5) was desired. Based on the autocorrelation 

measurement this averaging time was estimated to amount to 1200 s. 

Additional 125 s was required to draw in about 250 mt (15.25 in 3 ) of 

uncontaminated air initially present in the tub i ng. For convenience, 

a collection time of 1500 s was selected. During this time the volume 

of gas tracer-air mixture, i.e., contaminated ai r, sucked into the 

collection bags was 2750 mt (~168 in3). An additional volume of 

uncontaminated air of 250 mt (the tubing volume) was also drawn in. 

As a result, the sulfur hexaflouride concentration in the mixture was 

further diluted by 8%. To account for this dilution of the tracer-air 

mixture the SF6 measured concentration was multiplied by a dilution 

correction factor of 1.09 (1/0.92). 

The SF6-air samples were analyzed by means of a gas-solid 

chromatograph (Hewlett-Packard Co., Research Chromatograph, Model 7620A 

[57]). This instrument separates the SF6 from other constituents in 

the moist air and then detects its concentration. A small volume 

of the dosage was introduced into the chromatograph injection port 

where it was entrained by a carrier gas, i.e., the so-called mobile 

phase [57 , 58 ]. This phase consisted of a 5% methane and 95% argon 

mixture flowing at a rate of about 1 mt /s (~0.06 in3/s) [55 , 57]. Then 

the effluent, i.e., dosage and carrier gas, passes through two tubular 

columns in series which are 1 m (39.37 in) long and 3.175 mm (0.125 in) 

in diameter. These columns constitute the stationary phase. The first 

column, packed with silica gel, removed any moisture from the effluent 

[58 ,59]. Moreover, due to the adsorption of the carbon dioxide CO2 and 

SF6 onto the silica gel, their passage through the column is delayed 
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with respect to the other sample constituents, viz. , nitrogen N2 and 

oxygen o2. The second column, which was packed with activated charcoal, 

separated the SF6 and the N2 from the CO2 and o2 , respectively . By 

means of this differential adsorption process, it was found that the 

SF6 emerged from the columns well separated from the other constituents 

after about 300 s. 

A pulsed electron capture detector ECO (Hewlett-Packard Co . , 

Tritium Electron Capture Detector, Model 7623A) was employed to measure 

the relative concentrations of the gases eluted from the columns. 

This ECO utilized a radioactive tritium foil emitting electrons (beta-

radiations) as an electron source. When the sample constituent mole-

cules pass between the ECO anode and cathode, they absorb (capture) 

free electrons from the system and, thereby, reduce the current flow. 

Both the ECO and stationary phase were maintained at a constant 150°C 

(302°F) temperature. A representative response of the electron cap-

ture detector to the constituent gases in the dosage is provided by 

Fig. 5.11. In the response curve the peaks indicate the detection of 

the eluted o2 , co2 and SF6 , resp~ctively . Although nitrogen emerges 

from the stationary phase after o2 , it is not detected since N2 cannot 

absorb additional electrons. A nitrogen atom possesses three unpaired 

electrons among the five in its outmost shell which form a very stable 

triple bond (three electron pairs) with a second nitrogen atom [60]. 

The area under the peaks in the response curve is proportional to each 

constituent concentration in ppm (parts per million). This area was 

computed on-line by employing a digital integrator (Infrotronics, 

Automatic Digital Integrator, Model CRS-208). The chromatograph was 

calibrated with known samples of SF 6 . These samples were prepared 
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employing a certified standard mixture of SF6 in balanced air (Matheson 

Gas Products), This standard mixture which consisted of 103 ppm SF6 
concentration was further diluted in 1 t (61 in 3) glass bottles down 

to the dosage levels obtained in the wake. A typical calibration curve 

of the ECO response to known SF6 concentrations x (in ppm) in air 

mixtures is displayed in Fig . 5.12. 
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6. EXPERIMENTAL RESULTS 

The experimental investigation of the wake flow had the following 

main purposes: 

(1) To substantiate the simulation of atmospheric turbulent flow 

under dry, stable conditions; 

(2) To estimate the stationarity of a random turbulent velocity 

signal; 

(3) To obtain an insight into the properties of the turbulence 

along a turbul ence l i ne based on a set of Eulerian 

autocorrelations; 

(4) To deduce the Lagrangian autocorrelation from an Eulerian 

autocorrelation set; 

(5) To estimate the turbulent momentum exchange coefficient 

and the mass diffusion of a gas tracer. 

The system of coordinates used in the presentation of the results 

is portrayed in Fig. 5.1. Its origin is at the geometr ical center of 

the fan. Whenever suitable the results are presented in dimensionless 

form for generality. Dimensionless variables are denot ed by a tilde. 

The dimensionless x- and z-coordinates are defined by 

x, z = x/R, z/R, (6. 1) 

where R = 1.52 m (5 ft) is the fan radius. Under all conditions 

the longitudinal turbulent velocity possesses generally considerable 

more energy than the other two components [22]. Consequently, the 

turbulence measurement concentrated on the axial turbulent velocity 

u(t). All measurements were performed a long the fan wake c enterline 

within the turbulence measurement range which extended from -X = 10 to 

14 (15.20 to 21.28 m (50 to 70 ft)) as shown in Fig. 5.1. This 
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centerline, whose elevation above the ground was h = 3.04 m (10 ft), 

defined the x-axis of the wake. Basically, the turbulence measurement 

range can be viewed as a turbulence "line" within the turbulence box 

outlined in Fig. 3.6. The angular speed N of the fan was maintained 

at 315 rpm and, hence, the corresponding constant rotor tip velocity 

Ut = (2nN/60)R was 50.1 m/s (164 ft/s). As the experimental results 

are presented below, relevant discussions are interspersed whenever it 

is deemed helpful for the proper interpretation of the results. 

6.1 Simulation of atmospheric flow 

Turbulent atmospheric flow in the extreme lower layer of the 

atmosphere, which extends roughly up to about 5 m (16.4 ft) above the 

ground, was simulated by utilizing the wake flow produced by an ade-

quate fan as described in Sect. 4. The simulation depends essentially 

upon fulfillment of dynamic similarity. In other words the ·wake flow 

bulk turbulent Reynolds number must be of the order of 106 • This 

characteristic turbulent Reynolds number is1 based on mean wind velocity 

and size (or scale) of the largest eddy which can be sustained within 

the extreme lower atmosphere. In addition, the subsistence of turbu-

lence under stable conditions is ensured when the Richardson number is 

positive ana less than 0.2 [7,22]. 

Measurements were conducted during autumn and winter seasons in 

early morning under dry and almost calm conditions, i.e., ambient wind 

not exceeding about 1 m/s (~2 mph). In all cases, the surface was 

either grassland or approximately 0.3 m (1 ft) of snow packed cover. 

The roughness effect of both these surfaces are nearly the same [61]. 

A morning base temperature inversion prevailed daily at the field site 
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and, thus, the runs were carried out under stable conditions. The 

ambient temperature 6 at wake centerline height was 7.7°C (18°F). 

A sample of the monitored vertical temperature distribution is provided 

by Fig. 6.1. 

6.1.1 Me.an ve.lowy ,t,uJc..ve.y 

The axial mean velocity iJ along the wake x-axis was measured up 

to x = 14 downstream of the fan. During the measurements the hot 

wires were aligned normal to the longitudinal velocity for maximum 

sensitivity (see Sect. 5.2). Hereafter, the axial mean velocity is 

referred to the fan constant rotor tip velocity Ut used in this 

experiment. Thus, the dimensionless axial mean velocity is 

(6. 2) 

in which, as previously mentioned, Ut = 50.1 m/s (1 64 ft/s). The 

measured axial mean velocity distribution along the wake centerline , 

i.e., the turbulence line, is displayed in Fig. 6.2. Within the tur-
:::.. 

bulence measurement range, which stretched from x = 10 to 14, U 

exhibited a decrease of about 18%. The fluctuations in the ax i al mean 

velocity are due to the unconfined wake of the fan. The space average 

of the mean velocity in this region was used to compute the bulk 

Reynolds and Richardson numbers. This characteristic mean velocity 

scale which accounted for the streamwise variation of the axial mean 

velocity is 

X +L 
0 

u 1 f iJ dx, (6. 3) = I C 
X 

0 
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where x = lOR and the turbulence measurement range is denoted by 
0 

L = (14-lO)R. It was found that U = 7.12 m/s (23.4 ft/s). 
C 

The bulk turbulent Reynolds number is defined as 

Re= U £ /v, 
C m 

(6. 4) 

in which £ designates the largest turbulent eddy size (or scale) m 

that can be sustained and the kinematic viscosity v = 1.51 x 10- 5 m2 /s 

(1.63 x 10- 4 ft 2/s). Within the wake the expected maximum eddy scale 

is at the least equal to the fan diameter and at the most of same 

magnitude as the thickness of the extreme lower atmospheric layer (see 

Sect. 4). In other words, it was assumed that i ranged from about m 

3 to 5 m (9.84 to 16.4 ft). The bulk turbulent Reynolds number varied 

then from 1.41 x 106 to 2.35 x 106 • It is thus apparent that ~imu.ta..-

.tio 11 on twr.bul.e.n,t flow in :the. e.x.:Ctte.me. lowe.11. .la.ye.It on :the. a.tmo~ phe.11.e. 

by me.aM on :the. wake. flow me.:t :the. 11.e.quilte.d dyna.mic. ~imiLU:ude. c.Jti:te.Jtion. 

The bulk Richardson number, which is the ratio of buoyancy to 

inertia forces, is an index of flow stability and, moreover, indicates 

whether turbulence can be maintained. It is expressed by [22] 

Ri = f ~:/(~~)2. (6. 5) 

where e = 265°K c~-8°C) is the absolute ambient temperature and g 

denotes the gravitational acceleration (9.81 m/s 2 (32.2 ft/s 2)). In the 

above equation, d8/dz designates the vertical temperature gradient and 

dU/dz is the mean velocity shear. The vertical temperature and mean 

velocity gradients were approximated by their incremental forms 68/6z 

and 6U/6z, respectively. Based on the vertical temperature distribu-

tion shown in Fig. 6.1, 68/6z = 0.321°C/m (0.176°F/ft), where 
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~z = 3.04 m (9.97 ft). The vertical mean velocity gradient was 

estimated using the mean velocity scale u 
C 

and assuming a linear 

velocity shear with height. Hence, ~fJ/~z = U /h = 2.34 s- 1 , where 
C 

h = 3.04 m (10 ft) is the height of the wake centerline above the 

ground o Consequently, Ri = 0.002. Since the bulk Richardson number 

was smaller than 0.2, the tu!tbulenQe Qan be ~w.,tcuned withln the WaQe 

Concurrently, with axial mean velocity survey the longitudinal 

fluctuating velocity was measured within the turbulence measurement 

range. i.e., along the turbulence line. An array of five hot-wire 

probes installed along the wake x-axis at x = 10, 11, 12, 13 and 14 

were utilized simultaneously (see Sect. 5.2). The turbulence inten-

sity based on local mean velocity fJ 

Tu = u /fJ rms ' (6.6) 

was calculated according to Eq. (5.2). In addition, the turbulence 

intensity referred to the characteristic mean velocity in this region 

Tu = u /U (6.7_) c rms c' 

U = 7.12 m/s (23.4 ft/s) was also computed. The results are dis-
c 

played in Fig. 6.3. A similar axial change is clearly discerned for 

both turbulence intensities. They exhibit relatively large values of 

0.3 and 0.35, respectively, at the first station. These turbulence 

intensities gradually decrease around x = 12 and they very slightly 

intensify as the other end of the turbulence measurement range is 

approached. The levels of the turbulence intensities for x = 11 to 14 
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varies between 0.16 and 0.21. Next, the mean-square value of the 

longitudinal fluctuating velocity was computed from the turbulence-

intensity data. Its axial variation is also portrayed in Fig. 6.3. 

The mean-square value of the fluctuating velocity is basically the 

local total turbulent kinetic energy (per unit mass). In this figure 

the mean-square value of the turbulent velocity was made dimensionless 

with respect to its value at the first station -x = 10 in the turbu-o 

lence measurement range 

u2 = u2/u2 0 , (6. 8) 

in which u2 = 6.25 m2/s 2 (67.2 ft 2/s2). When u2 is normalized in 
0 

this manner its relative changes can be easily discerned. The mean-

square value of fluctuating velocity reveals a longitudinal behavior 

similar to those of the turbulence intensities. Essentially, the 

observed axial variation of the turbulence intensities and turbulent 

velocity are attributed to the unconfined nature of the fan wake flow. 

The distinct streamwise variation of the mean-square value (turbulent 

kinetic energy) of the axial turbulent velocity clearly indicates that 

the nonhomogeneou~ na:tuJte 06 the ~bu£enee alo ng the tuJtbulenee une. 

A similar change was found in a preliminary study using a small indoor 

fan [42]. The local turbulence intensity remained nearly constant 

beyond x = 14 up to about x = 30 based on this earlier study. 

6.1.3 Flow vil,uauza:tlon 

Extensive flow visualization was performed for substantiating the 

subsistence of turbulence under the aforementioned conditions. 
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Additionally, the visualization provided a qualitative picture of the 

turbulent eddy scales and their streamwise diffusion. The flow visu-

alization was accomplished by utilizing smoke and balloons under a 

variety of ambient conditions and at different fan speeds. Several 

frames from a movie showing smoke plume circulation, entrainment, and 

dispersion are given in Fig. 6.4. The fan is also shown in Fig. 6.4(a). 

Powerful and relatively large scale vortices, even greater than the 

vertical extent of the wake, were clearly discerned when unstable 

conditions (superadiabatic lapse rates) prevailed. The photographs 

provided by Figs. 6.4(a) and 6.4(b) were taken under such conditions. 

Without a temperature inversion the vortices quickly dispersed the smoke 

plume at higher altitudes. Under a temperature inversion, on the other 

hand, the restriction of the smoke plume within the wake was distinctly 

perceived. The vortices revealed a remarkable streamwise persistence 

accompanied by a slight downwind diminution of their scales. Even at 

downwind distances greater than 30R (45.6 m (150 ft)) from the fan 

their subsistence was prominent as illustrated by the photograph shown 

in Fig. 6.4(c). The v..wua.lization deaJtlij indic.a;ted tha.,t tuJtbulent 

eddief.i OtJ 1.ic.ai.ef.i c.ommenJ.iuJtate W{_tfi the wab.e 1.iize and, henc.e, with.in the 

ex;tJz,eme loweJt atmo1.ipheJte th.ic.b.neM We!te J.iMtcu...ned when a tempeJtatuJte 

inveAJ.iion pnevailed. 

6.2 Stationarity of turbulent velocity 

The stationarity of the turbulent velocity u(t) was ascertained 

by forming an equivalent ensemble of the fluctuating voltage e(t) and 

subsequent computation of the equivalent ensemble autocorrelation as 

proposed in Sect. 3.1. In accordance to Eq. (5.2) the fluctuating 
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voltage e(t) is proportional to the turbulent velocity u(t). 

Adequate establishment of an equivalent ensemble {e(t)} is con-eq 
tingent upon fulfilling the following three criteria: (1) satisfactory 

unchanged flow conditions throughout the entire recorded time history 

T of the turbulent velocity signal e(t); (2) each sample record of ra 
the equivalent ensemble is sufficiently long so that it contains all the 

information up to the largest turbulent time scale of significance; and, 

(3) the sample records are statistically independent among themselves. 

The available recorded time history of the turbulent velocity signal 

e(t) extended over a period T = 3600 s (see Sect. 5.4). ra The first 

condition was suitably satisfied since during this time length no per-

ceivable changes in the overall flow conditions were discerned. In line 

with the second requirement, the sample record time length T r was 

estimated to equal the averaging time T necessary to confidently 

warrant the self-stationarity of the turbulent velocity. Based on the 

autocorrelation computation (see Sect. 5.5) an averaging time 

T = 1200 s sufficed to encompass all the significant information con-
1 

cerning the turbulent velocity signal. Therefore, an equivalent en-

semble 

length 

{e(t)} comprising three sample records, i.e., N = 3, of time eq 
T = 1200 s each was formed by using Eq. (3.2). These three r 

sample records consist of segments of the original time history e(t) 

as stipulated by Eq. (3.3), and they are: 

e 1 (t) = e(O < t < 1200 s), 

e2 (t) = e(l200 s < t < 2400 s), 

e3 (t) = e(2400 s < t < 3600 s). 

This equivalent ensemble is illustrated in Fig. 6.5. 

(6.9a) 

(6.9b) 

(6.9c) 
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Estimate of the statistical independence of the sample records 

composing the equivalent ensemble {e(t)} , i.e., the third eq 
criterion, entails satisfying the relationship [41] 

(6 .10) 

in which pk m(~,n) is the joint probability density function (JPDF) of 
' 

any two different sample records ek(t) and e (t). m Hence, the sub-

scripts k and m, which designate the sample records within the equiv-

alent ensemble, take on different integer values from 1 to N, i.e., k, 

m = 1, 2, 3 and k i m. The variables ~ and n denote the amplitudes 

of the aforementioned sample records. In the foregoing equation pk(~) 

and pm(n) are the individual probability density functions (PDF) of 

the very same two sample records ek(t) and e (t), respectively. m 

Basically, the JPDF describes the probability that ek(t) and e (t) m 

assume simultaneously values within some defined pair of ranges, i.e., 

the probability that and n < e (t) < n + 6n m 

occurs concurrently during an observation time TB. Similarly, the PDF 

defines this probability for a single sample record ek(t), viz., the 

probability that ek(t) assumes a value ~ < ek(t) < ~ + 6~ during an 

observation time TB. Estimates for both JPDF and PDF are provided by 

the relationships [41] 

(6.11) 1 T 
pk mc~.n) 

k,m 
= 6~6n ~ ' 

and 

1\ (~) 1 Tk 
= 

6~ TB 
(6.12) 
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The total amount of time that ek(t) and e (t) m 

inside the previously stated ranges is denoted by 

simultaneously fall 

Tk . 'm 
Its counter-

part for a single sample record ek (t) is designated by Tk. The 

observation time TB required to compute the JPOF and PDF was esti-

mated based on the maximum significant time delay employed in cal-

culating the equivalent ensemble autocorrelat,ion. This maximum time 

delay T max was assumed to equal, at the least, that used in computing -

the single record time-averaged autocorrelation R(T), viz., T = 3 s max 
(see Sect. 5.5). Since it was necessary to compute the equivalent 

ensemble autocorrelation at several different starting times t
0

, 

segments of length TB= 5 s were utilized. These portions consist of 

the parts of the sample records which lie between two 5 s spaced ver-

tical cuts across the equivalent ensemble {e(t) } as shown in eq 
Fig. 6.5. Oscillograms of the leading 5 s pieces of each sample 

record are illustrated in Fig. 6.6. The amplitude windows defined by 

the ranges ( I; , I; + L:1 /;) and (n , n + l:ln) are dep i cted for e 1 (t) and 

e
2

(t) segments portrayed in this figure. 

To carry out efficiently the computation of the JPDF's and individ-

ual PDF's and the three segments of T = 5 s B length each were digi-

tized. A stereocomparator (Wild-Heerbrugg Instruments Inc., Model Wild 

Stk-2702) was employed together with a digitizer (Auto-Trol Corp., 

3800/40) and a card punch (International Business Machines Co., Model 

29), were employed for this purpose. The sterocomparator stepwise 

magnification permitted sampling frequencies in increments of 440 Hz due 

to the oscillogram size. Since the highest frequency of interest of the 

signal was about 250 Hz (see Sect. 5.4) a sampling rate of f = 880 Hz s 
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was utilized. As a result 4400 discrete values were obtained for each 

sample record. In computing the JPDF' s and PDF I s their amplitudes E;, 

and n were made dimensionless employing the absolute value of the 

maximum instantaneous fluctuating voltage 

less amplitudes are 

-

e max 

E;, , n = E;,/emax' n/emax' 

Tirns, the dimension-

(6 .13) 

in which e = 400 mV for all three segments. An amplitude window max 
~E;, = ~n = 0.2 (~E;, = ~n = 80 mV) was utilized throughout the compu-

tation of the probability density functions. 

The JPDF's and product of individual PDF's define surfaces in the 

coordinate space (t,n,p). A total of six surfaces were obtained, viz., 

p , p , p , pp , pp and pp , since three segments were uti-
1,2 1,3 2,3 1 2 1 3 2 3 

lized. These surfaces are portrayed in Fig. 6.7, In calculating the 

estimates for JPDF and PDF the bias error was completely negligible 

compared to the variance of the estimator, i;e., the random error [41]. 

For a given window size the bias error is proportional to the square of 

the curvature of the probability function. This error was neglected 

since the curvature was sufficiently small. The normalized mean-square 

error for the second- and first-order probability density functions are 

then approximated by standard errors [41] 

E2 c2 1 
::: 

p2 BTB~E;,~n pk m(~,n) 
' 

(6.14) 

and 

E2 c2 1 
:::: pl 2BT B~t pk ( F, ) 

(6.15) 
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respectively. In these two expressions T = 5 s B while the signal 

bandwidth B = 250 Hz. The value of the constant c is generally un-

known. On the other hand, it can be assumed that c = 1 whenever the 

signal is digitized into, at the least, 2BT8 discrete values [41]. In 

this case the signal was digitized into 4400 discrete values whereas 

2BT8 = 2500, The normalized mean-square errors depend upon the window 

widths and values of the probability density functions. Their validity 

is restricted to values of pk m C~, n) and pk CO different from zero 
' 

inasmuch as a finite observation time T
8 

was employed. It was found 

that the normalized mean-square errors for the second- and first-order 

probability density functions, under the foregoing conditions, are 

s 2 "' o. 02/f> c~ n) p2 k,m ' and s~1 "' 0.002/pkCt), respectively. The peak 

values of both JPDF's and products of PDF's were about 2 as observed 

in Fig. 6.7. With increasing values of pk mC t ,n) from 0.1 to 2, 
' 

the s 2 decreased from 0.4 to 0.01. p2 
ished from 0.04 to 0.001 for augmenting 

Similarly, the E:2 pl dimin-

pkCt) from 0 . 1 to 2. Hence, 

the computed estimators of the probability density functions were 

within reasonable levels of confidence. 

The JPDF's and the respective products of individual PDF's for all 

three segments portrayed in Fig. 6.7 exhibit a striking qualitative 

congruent variation. Th.is overall similarity is further substantiated 

by the isoprobability curves of the JPDF's and the products of individ-

ual PDF's depicted in Fig. 6.8. To quantitatively ascertain the extent 

to which the statistical independence criterion set forth by Eq. C6.10) 

is satisfied, the variations of both p ctn) and pkC~)pmCn) along k,m ' 
the surfaces ~ = n and t = -n were examined. The projections of 
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these surfaces are indicated by the diagonals AA and BB in the 

t-n plane in Fig. 6.8. The changes of the JPDF's and corresponding 

products of PDF's along these diagonals are depicted in Fig. 6.9. A 

remarkable agreement in their variations is clearly discerned. The 

degree of statistical independence was evaluated by computing the 

normalized standard deviation between pk(t)pm(n) 

this case, the normalized standard deviation (cr) is defined by p k,m 

In 

(6.16) 

( 

It basically expresses the relative amount of volume that lies between 

the two surfaces pk m(t,n) and pk(t)pm(n). The results of this 
' 

computation with increasing observation time are tabulated below: 

(s) 

3 

4 

5 

(a ) 
P 1 2 

' 

0.17 

0 .16 

0 .12 

Co ) 
P 1,3 

0.22 

0.15 

0.13 

Ccr ) 
P 2 3 

' 

0.17 

0.15 

0 .13 

These results clearly show that the degree of statistical independence 

is enhanced with increasing observation time. For the entire length of 

the segments used, viz., TB= 5 s, (cr )1, < 0.13. Based on the trend p ~,m -
in the variation of the normali zed standard deviation (cr ) it can p k,m 
be inferred that the three s ample records constituting the equivalent 

ensemble are satisfactorily statistically independent . An acceptable 

{ e ( t) } Wa..6 thw., g eneJtated .6ince aU o ,6 the eq 
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ne.c.e..6.6CV1.y thJi.e.e. c.oncU...upVL6 WeJ1.e. 11..e.Monab.ty met. Consequently, the 

autocorrelation analysis for ascertaining the stationarity of the 

equivalent ensemble can be performed. 

The t est for stationarity of the fluctuating voltage consisted of 

(1) computation of the equivalent ensemble autocorrelation, called 

hereafter the EEAC; and (2) examination of the EEAC variation as the 

starting time t 
0 

assumed different values within a specified range. 

In the equivalent ensemble the starting time t 
0 

is the instant of 

time at which the computation of the EEAC is initiated. 

the EEAC is defined by 

1 <p (t ,t +,)> = -o o eq N 

7'-1 

L ek (to)ek (to+,)' 
k=l 

For {e (t)} eq 

(6.17) 

where , stands for the time delay and the number of sample records 

in the equivalent ensemble N = 3. The EEAC coefficient (or normal-

ized EEAC) is obtained by dividing the foregoing equation by the 

equivalent ensemble mean-square value, i.e., the EEAC at , = 0. 

Hence, the EEAC coefficient, called hereinafter EEACC for convenience, 

is 

<p(t ,t +,)> = o o eq 
< p ( t ,' t + T ) > o o eq 

<p (t ) > o eq 

It is worth mentioning that its turbulent velocity counterpart 

(6.18) 

<R(t ,t +,)> = <p(t ,t +,)> since u - e. The normalized EEAC's o o eq o o eq · 

were computed employing the very same 5 s segment of the equivalent 

ensemble {e (t)} used in the statistical independence test. In eq 
computing the EEACC's the starting time t 

0 
varied between O and 2 s 

since a maximum delay , = 3 s was required based on the single max 
record time-averaged autocorrelation. Inasmuch as a sampling 
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f = 880 Hz was utilized in the digitization of s e(t), 

1760 EEACC's ~ere obtained within the aforementioned starting time 

range. Editing of the EEACC's was necessary to insure a consistent 

variation in their values since the normalized EEAC's exhibited 

random fluctuations. It was surmised that these fluctuations were 

due to the small number of sample records, viz., 3 records, used in 

calculating EEACC's. A bandpass smoothing scheme was employed to 

remove these irregular fluctuations. This smoothing procedure con-

sisted, first, of obtaining the Fourier transform of the EEACC for 

identifying any inconsistencies in the frequency domain, i.e., to 

discern any pronounced extraneous peaks in its variation. Next, 

central averaging was carried out to eliminate these spurious 

peaks. Afterwards, an inverse Fourier transform was utilized to 

recover the EEACC. Final editing was then accomplished by central 

averaging of the partially smoothed EEACC. This smoothing procedure 

is described by the block diagram provided by Fig. 6.10. Representa-

tive samples of the normalized EEAC's at five selected starting times 

viz., at t = 0.2, 0.7, 1.2, 1.4 and 1.9 s are portrayed in Fig. 6.11. 
0 

Generally, these five representative EEAC coefficients reveal a 

satisfactory similar change with augmenting time delay. For the 

sake of a c1oser comparison, the EEACC's during the 1 slag time 

are provided by the accompanying insert in Fig. 6.11. 

Essentially, assessment of the equivalent ensemble stationarity 

consists of determining the effect of varying the starting time upon 

the EEACC's. A standard deviation test was conducted for ascertaining 

to what degree the EEACC's were independent of the changing starting 
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time. This test was performed by calculating the normalized 
/ 

incremental standard deviation of each EEACC about the starting-time-

averaged EEACC. The latter is basically representative of all the 

EEACC's since it is averaged over all possible starting times, i.e., 

over all equivalent ensemble autocorrelation coefficients. This par-

ticular EEACC is consequently a characteristic property of the equiva-
• 

lent ensemble. The normalized incremental standard deviation within 

any lag time range T1 ~ T < T2 is defined by 

f\ i 
[<p(t ,t +T)> - <p(T)> ] 2 dT"' ½ o o eq eq 

T 
fmax 

0 

[<p(T)> ] 2 dT e,q 

(6. :j.9) 

in which the starting-time-averaged EEACC, called hereafter the STACC, 

· is 

<p(T) > eq 

M .!. ~ -= i...J < p(t . ,t .+T)> , 
M i=l 01 01 eq (6.20) 

where M designates the total number of start i ng times utilized and 

the maximum time delay T = 3 S, This incremental standard devia-max 
tion measures the contribution to the relative amount of area between 

the EEACC and the STACC during any time delay interval Tl < T < T , 
- 2 

Thus, the incremental standard . deviation readily permits estimation of 

the EEACC's independence of the starting time. Results of the standard 

deviation test for the five representative EEACC's depicted in 

Fig. 6.11 at several lag time increments are summarized below: 



t (s) 
0 

0.2 

-T T (J 
1 2 p 

(s) (s) 

0 0.1 0.10 

0.1 0.2 0.04 

0.2 0.3 0.01 

0.3 0.4 0.04 

0.4 0.5 0.11 

0.8 0.9 0,02 

1. 2 1. 3 0 

0 1 0.20 

0 2 0.20 

0 3 0.20 
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0. 7 

(J 
p 

0.01 

0. 10 

0.08 

0.03 

0.02 

0.03 

0 

0 .16 

0 .16 

0.16 

1. 2 

(J 
p 

0.07 

0.11 

0.08 

0.08 

0.04 

0.03 

0.01 

0.23 

0.23 

0.23 

1. 4 

(J 
p 

0.03 

0.07 

0.13 

0.04 

0.06 

0.01 

0 

0.18 

0.18 

0.18 

1. 9 

(J 
p 

0.01 

0.06 

0.14 

0.09 

0.13 

0.01 

0 

0.28 

0.28 

0.28 

Generally, for time delay increments of 0.1 s the normalized standard 

deviation varied from 0.01 to about 0.14. Values of the normalized 

incremental standard deviation larger than about 0.1 occurred randomly 

at a few lag time gaps. The relatively high value of the overall 

normalized standard deviation, viz., cr (t ,0,3), arises primarily p 0 

from several isolated discrepencies between <p(t ,t +T)> and o o eq 
<p (T) > • In the light of the approximations associated with the com-eq 
putations of the EEACC's and the STACC even an overall standard devia-

tion of 0.28 is acceptable. Based on these results it can be asswned 

that the equivalent ensemble is statistically steady. Consequently, 

.the. 6,f'..u.c,,tua:t,lng voltage. e (t) and C.OIUl.e!.>poncung .tuftbule.n.t VUOW!j 

u(t) Me. cq'.Jpll..ox)ma.te.ly we.akl.y ,6,t,a,ti.onMy. This result is of 

considerable significance in view of the small number of sample records 
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employed, viz., 3 sample records. It is conjectured that the 

consistency of the EEACC's would be considerably enhanced with increas-

ing number of sample records of the equivalent ensemble. Essentially, 

this analysis clearly indicates that the stationarity of a random 

signal can be reasonably e·stimated using an equivalent ensemble. 

The acquirement of a stationary equivalent ensemble and knowledge 

of the EEACC naturally suggests a heuristic test of the ergodic as-

sumption, Under this assumption the statistical properties of the 

ensemble are estimated by taking time averages over any single repre-

. sentative sample record in the ensemble, i.e., the respective ensemble 

and time-average moments are equal. At present time no theoretical 

foundation relating the equivalent ensemble averaged moments to their 

time-averaged counterparts is available. Then, the test for ergodicity 

simply entails comparison of the equivalent ensemble autocorrelation 

coefficient with its counterpart obtained by time averaging over a 

single selected sample record. In carrying out this comparison the 

STACC, which is a basic feature of the entire equivalent ensemble, was 

utilized. 

The equivalent ensemble autocorrelation coefficient averaged over 

all starting times . (STACC) < p(T)> .and time-averaged autocorrela-eq 
tion coefficient over a single sample record R(T) (see Sect. 5.5) are 

depicted together in Fig. 6.12. An enlargement of the autocorrelations 

during the initial 1 slag time is provided by the insert in this 

figure. A striking overall similarity in the variation of these two 

autocorrelations is clearly discerned. A standard deviation test was 

further performed to quantitatively determin~ the variation of the 

former about the latter. this standard deviation test can be thus 
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employed to approximately indicate the validity of the ergodic 

assumption. A normalized incremental standard deviation crR(T 1,T) 

formally similar to that used for the equivalent ensemble stationarity 

test, 

OR (T 'T ) = 
1 2 

TJmax J ' 
R.2 (T) dT 

(6.21) 

0 

was utilized to carry out the ergodicity test. Its value for several 

lag time increments are tabulated below: 

-
Tl T2 crR 

(s) (s) 

0 0.1 0.08 
0.1 0.2 0.11 

0.2 0.3 0.11 
0.3 0.4 0.10 
0.4 0.5 0.09 
1.5 1.6 0.08 

2.5 2.6 0.02 

0 1.0 0.30 

0 2.0 0.35 
0 3.0 0.37 

Values of the normalized incremental standard deviation larger than or 

equal to 0.10 occurred for several time delay intervals. The overall 

standard deviation over the entire time delay range, viz., T = 0 to 3 s 

reached a relatively high value of about 0.37. A better agreement 

cannot be basically expected considering the numerous approximations 

involved in this computation and, particularly, the limited number of 

sample records forming the equivalent ensemble, viz., 3 sample records. 
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On the other hand, it is quite remarkable that for most of the time 

delay intervals the normalized incremental standard deviation was less 

than about O .10. I.t ,f/2 hypo.theoJ..ze.d .tha..t e.v e.n. .th,f/2 limUe.d a.911.e.eme.n..t 

pltovJ..du a.c.c.e.p.ta.ble. .ou.ppolt.t 6011. .the. c.w.m 06 e.JtgodJ..c.dy. Sin.c.e. both 

.the. .o.ta.tion.a.'1.J...ty a.n.d e.11.godJ..c.dij c.Jtde.'1.J..a. we.11.e. 11.~a..oona.bfy me..t .the. .tu.11.bu.-

f.e. n..t v e.f.o c.J...ty c.a.n. be. c.o n..oJ..de.11.e.d a..o a. It e.a.li za..tio 11, a 6 a. we.a.kl.y .6 el 6-
.o .ta.tia n.aJtlj 11.a.ndom pltoc.eo.6. The foregoing analysis clearly demonstrates 

that the stationarity and, to some extent, the ergodicity of a random 

process can be practically ascertained employing an equivalent ensemble. 

It further indicates that 3 sample records is, in all likelihood, the 

minimum number which can be effectively used to generate an equivalent 

ensemble. 

6 .3 Eulerian autocorrelation 

The Eulerian autocorrelation coefficient of the longitudinal 

turbulent velocity u(t) is expressed by 

R(T) = u(t)u(t+T)/u2 (6. 22) 

in which T is the lag time and u2 designates the autocorrelation 

at zero time delay, i.e., the local mean-square value of the fluctu-

ating velocity which is exactly the total turbulent kinetic energy 

per unit mass. This normalized autocorrelation function equals the 

autocorrelation coefficient of the hot-wire anemomenter output voltage 

defined by Eq. (5.6) since u - e. A set of five autocorrelation 

coefficients were obtained simultaneously by means of the array of 

five hot-wire anemometers installed within the turbulence measurement 

range, i.e., along the turbulence line. The autocorrelations 
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were computed using the tape recorded voltage time histories e(t) 

(see Sect, 5,5). Variations of the five autocorrelation coefficients 

up to a time delay of 3 s are displayed in Fig. 6.13(a). The same 

autocorrelation coefficients are portrayed in Fig. 6.13(b) over a lag 

time interval T = 0 to 1 s to permit a closer comparison of their 

decreasing trend, A consistent similar change in amplitude is 

exhibited by all five autocorrelations with augmenting time displace-

ment. Eac.h on the. n,[ve. auxoc.oMe.iation c.oe.nn,lc.ie.n.:t.6 Jte.ve.al. d,i_,t,tinc.iltj 

a c.uJ.ip at ze.Jto lag time.. All five autocorrelations decay to their 

first zero crossing of the time axis at time delays ranging from 

T 1 = 0.2 to 0.5 s with increasing streamwise distance as shown in 

Figs. 6.13. Thereafter, they take on negative values and asymptoti-

cally approach zero level. 

Usually, the autocorrelation is employed to deduce two charac-

teristic time scales of turbulence: (1) the micro time scale and 

(2) the integral time scale, The former is a measure of the most 

rapid changes that can occur in the fluctuating velocity. In addition 

it provides an insight into the smaller dissipation scale of 

turbulence. The micro time scale is proportional to the inverse of 

the curvature of the autocorrelation coefficient at T = 0 [10]. 

Whenever the autocorrelation possesses a cusp at zero lag time, it is 

anticipated that the micro time scale would be, at the least, one 

order of magnitude smaller than the integral time scale. This is 

generally a common occurrence for large-scale turbulence such as 

encountered in atmospheric flows [22]. The micro time scale :t 

was estimated by fitting an osculating parabola to the peak of each 

autocorrelation coefficient and finding out the lag time at which 
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this parabola intersects the time axis. T~is time delay then ,equals 

the micro time scale. Subsequently, a characteristic micro length 

scale was computed according to 

A = Ut (6.23) 

where TI is the local mean velocity. This micro length scale >- can 

be viewed as representative of the small-scale eddies at each position. 

The micro time and length scales were made dimensionless using their 

values at the first station on the turbulence line which can be 

basically considered a reference point. Thus, 

t = t/t' 0 
(6. 24) 

and 

>- = >-/>- o' (6.25) 

where t = 5.77 ms and >- = 4.82 cm (0.158 ft) are the micro time 
0 0 

and length scales at -X = 10. 
0 

Their variations ~ith augmenting 

strearnwise distance x are shown in Fig. 6.14. Both micro time and 

length scales display a continuous increase followed by a leveling off 

trend around x = 13. They attain their largest values of 2.15 

(12.4 ms) and 1.77 (8.53 cm (0.230 ft)) at x = 14 and 13, respec-

tively. The streamwise augmentation of the micro scales suggests a 

similar behavior for the integral scales. 

The integral time scale T represents the average duration 

time of the turbulent velocity, and this scale is ordinarily defined 

by [10] 00 

T = f R(-r) d-r , 

0 

( 6. 26) 
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where R(,) is the autocorrelation coefficient. For stationary 

turbulence the integral time scale is proportional to the value of the 

turbulent energy spectrum at zero frequency. This results from the 

Fourier transform of the autocorrelation coefficient [10]. Since tur-

bulence is nonexisting at zero frequency considering its intrinsic 

nature, it appears that the integral scale should also vanish. This 

possible noomaterial i za tion of the integral time scale is suggested in 

Ref. 62. The autocorrelation coefficient should consist of equal 

positive and negative portions when t he integral time scale becomes 

zero in the light of its definition given by Eq. (6.26). This 

situation is approximately met by the five autocorrelation coefficient 

set displayed in Fig. 6.13(a). On the other hand, it is conceivable 

to introduce a characteristic time scale of the turbulence by 

considering only the positive autocorrelation . Such a time scale can 

be interpreted as the largest time scale since it decreases gradually 

as the negative autocorrelation is accounted for. This largest time 

scale, which is defined by 

Tl = II R(,) d, ' 
0 

(6.27) 

can be viewed as the first integral time scale of the turbulence. In 

the above equation, , 1 is the particular lag time when the auto-

correlation coefficient becomes firstly zero, i.e., the first zero 

crossing. A similar definition was advanced in Ref. 63 for a so-

called apparent integral length scale of the longitudinal space 

cross-correlation . This apparent length scale was obtained by a space 

integral of the cross-correlation up to the particular separation gap 
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where the cross-correlation became zero for the first time. Basically, 

this implies disregarding the negative port,ion of the space cross-

correlation function. 

The first integral time scale for the autocorrelation set was 

computed using Eq. (6.27). In this computation the first zero 

crossings T 1 = 0.21, 0.34, 0.40, 0.50 and 0.47 s for the five auto-

correlations with augmenting -X from 10 to 14. Normalization of the 

first integral time scale was performed in the same manner as for the 

micro time scale. Hence, 
(6.28) 

where T10 = 54.5 ms is the value of this integral time scale at the 

first station (or the reference point) on the turbulence line, i.e., 

-at x = 10. Results of this computation are portrayed in Fig. 6.15. 
0 

The first integral time scale T1 exhibits a monotonical streamwise 

increase. It levels off around x = 12 and reaches its largest 

value of 2.24 (123 ms) at x = 14. The observed systematic increase of 

the first integral time scale indicates that the peak in the turbulence 

energy spectrum is gradually shifting to lower frequencies. Th,.i,,6 

behavio~ Qan OQC1Ut due to the en~gy ~~ipation at high n~equenQie..6 

and QOn~ent en~gy eX.tlta.QUOn nnom the mean nlow at low nnequenue..6. 

It is further interesting to examine the ratio of the integral to micro 

time scales inasmuch as it was presupposed that the latter is signif-

cantly smaller than the former based on the observed cusp of the auto-

correlation coefficient curves. This ratio for the autocorrelation 

set is tabulated below: 



X 10 

9.44 

mic.11.0 :tune M.ale. 

11 

9.90 

101 

12 

10.32 

13 

10.00 

14 

9.88 

In a similar manner as for the micro length scale, a characteris-

tic length scale corresponding to the first integral time scale ,as 

defined by 

A = UT 
1 1 (6.29) 

where U is the local axial mean velocity. This first integral 

length scale can be considered representative of the predominant 

turbulent eddy sizes at a given location. It was further made dimen-

sionless by its value at the reference position X = 10 
0 

according to 

(6. 30) 

where A
10 

= 45.4 cm (1.49 ft). The streamwise change of the first 

integral length scale A 
1 

is depicted also in Fig. 6.15. Its varia-

tion basically resembles that of the integral time scale with its 

largest value of 1.88 (83.5 cm (2.74 ft)) at x = 13. The .6.tlteamW,<,6e 

.ttr.end 06 the 6illt integJtal length .6c.ale implie-6 that the tu.Jtbul.e.nc.e 

.6.tltuc.tufte v., appa.11.enily dominated by 1telat.ively la.11.ge-.6c.ale eddie-6. 

Thi-6 ,</2 a:tt!ubuted to a c.ontinu6U.6 a.c.c.umul.a.tion 06 ene1tgy at la.11.ge 

.6c.a.le.6. This increase in eddy size was expected based on the similar 

trend of the micro length scale. Since both the integral and micro 

length scales are defined in terms of the very same local mean 

velocity, their ratio is exactly equal to the ratio of their 

corresponding time scales. The .6.tlteamW,<,6e va!tia.tion.6 06 both mic.Jto 
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a.nd inte.gh..al time. a.nd .le.ngth .6c.a..lv., u.ndeN.ic.oll..e. moll..e.ove.ll.. the. 

no nhomo g e.ne.ou..6 na.tu.ll..e. o ,6 the. tu.ll..bu..le.nc.e.. 

Additional significant insight into the intrinsic character of the 

turbulence can be obtained by examining the streamwise variation of 

the Reynolds numbers based on the micro and/or first integral length 

scales and the local turbulent velocity (rms). The micro length 

scale Reynolds number is expressed by [10] 

(6.31) 

while the first integral length scale Reynolds number is given by 

(6.32) 

·-1 

where (u2 )Yz designates therms value of the turbulent velocity and 

the air kinematic viscosity v = 1.51 x 10- 5 m2/s (1.63 x 10- 4 ft 2 /s). 

The former Reynolds number is indicative of the small-eddy dissipation 

range whereas the latter Reynolds number is characteristic of the 

energy-containing eddy domain . . Practically, the ratio of these two 

Reynolds numbers is exactly the ratio of integral and micro length 

and/or time scales. Both micro and integral scale Reynolds numbers 

for the five stations on the turbulence line are depicted in Fig. 6.16. 

The two Reynolds numbers exhibit a relative minimum value around 

x = 11, whereas their values at either end of the turbulence line are 

roughly the same in each case. This change is attributed to the 

varying turbulent kinetic energy along the turbulence measurement 

range which is displayed in Fig. 6.3. The micro and integral scale 

Reynolds numbers ranged from about 5.8 x 10 3 to 8.0 x 10 3 and 5.8 x 104 

to 7.8 x 10 4 , respectively. In addition, the ratio of these two 
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Reynolds numbers is of the order of 10. It is important to point out 

that in atmospheric turbulence values of the micro scale Reynolds 

number of the order of 10 3 or even 104 can be encountered and, 

generally, the integral length scale Reynolds number is at the least 

ten times larger [22]. Th.e. .6tltu.c;luJz.e. 06 .the. .tuJz..bule.nc. e. 61tom th.e. l a1tg e. 

.to .th.e. .6maL.e. e.ddy .6iz e..6 wilh,;,n .th.e. wak. e. ,{,-6 c.o n.6 e.que.nily in ac.c.e.p.table. 

ag1te.e.me.n.t wl.th w a.tmo.6phwc. c.oun.te.Jtpalt.t. This further qualifies 

the present simulation of the turbulence in the extreme lower 

atmosphere. 

It is, furthermore, relevant to inspect the turbulence dissipation 

for approximately ascertaining the relative significance of the small 

eddies. To a first approximation the dissipation E was estimated 

using its relation defined for ideal isotropic turbulence. In this 

very restrictive case, the dissipation expressed in terms of the local 

mean-square value of turbulent velocity u2 and the longitudinal 

micro length scale A is [10] 

(6.33) 

where v is the kinematic viscosity. It basically represents the 

dissipation in the small-eddy range and/or the work done by the 

energy-containing eddies in supplying energy to smaller eddies. The 

dissipation was normalized according to 

in which E 

station on 

streamwise 

= 1. 22 m2 /s 3 
0 

the turbulence 

(13 

s·= E/E , 
0 

ft 2 / S 3 ) is 

line, i.e.' at 

direction is displayed in Fig. 

exhibits initially a decrease larger than 

(6. 34) 

the dissipation at the first 

- 10. Its change in the X = 
0 

6.17. The dissipation 

about 80% up to -X = 11. 
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Subsequently, it remains at a nearly constant level of about 0.09 

(0.11 m2/s 3 (1.18 ft 2/s 3 }) throughout the turbulence line. Thv.i 

!.SC.a.le, e,dd.ie.6 a.nd., he,nc.e,, .the, p1te,domina.nc.e, on .the, lcur.ge,-.6c.a.le, .6tltu.c..:t.ufte,, 

In computing the integral time scale the negative autocorrelation 

was disregarded since the former vanishes as the latter is accounted 

for. The integral time and length scales are basically representative 

of the large-scale turbulence structure. Then their gradual decrease 

induced by the negative autocorrelation can be apparently interpreted 

as a measure of turbulent kinetic energy transfer from larger to 

smaller scales. In general, two different trends of the autocorrela-

tion coefficients with regard to their negative portions can be 

distinctly perceived based on the autocorrelation coefficients varia-

tions shown in Figs, 6.13. In one case, the autocorrelation quickly 

attains relatively large negative values after its first zero cross-

ing , 1 and, subsequently, asymptotically approaches zero. This 

trend is clearly observed at -x = 11, 12, 13 and 14 where the maximum 

negative autocorrelation coefficient R(,) ranges from -0.101 to 

-0.155. The second tendency is characterized by a shallower negative 

autocorrelation where the asymptotic approach to zero begins almost 

immediately after the first zero crossing , 1 . This behavior is 

particularly prominent at the reference station,, viz., at x = 10. A 

higher degree of negative autocorrelation at larger time displacements 

suggests sustenance of larg~r-scale eddies. This necessarily leads to 

a slower rate of energy transfer to smaller eddies and, hence, to ac-

cumulation of energy at large-scale eddies. On the other hand, a 

shallower negative autocorrelation represents exactly the opposite 
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situation. Then the turbulent energy is transferred more rapidly from 

larger to smaller scales. The five autocorrelation coefficients dis-

played in Fig. 6.13(a) exhibit generally larger negative values with 

augmenting axial distance x. This indicates the inCJteMing ~igni6i-

cuJLec.:uon. The longitudinal large-scale eddy structure is substan-

tiated by the axial augmentation of the micro and integral length 
I 

scales and accompanying diminution of the dissipation. Further con-

firmation for this eddy structure comes from the fact that large-scale 

eddies usually undergo elongation in the mean flow direction [22,64]. 

Suc.h a ~tlteamw.i/2e ~tltetc.hing 06 the .la.tc.ge edcu~ ~ ~uppo!tt.ed by the 

axial inCJteMe 06 the 6-Ul.}.,t integJtaf length ~c.afe. 

The energy spectrum (or the frequency-density function) F(f) of 

the longitudinal turbulent velocity u(t) was computed for all five 

autocorrelation coefficients R(T) by means of a Fourier transform 

since the turbulence is stationary (see Sect. 6.2). Hence, the one-

dimensional spectrum is expressed by [41] 
co 

F(f) = 4u 2 f R(T)cos 2nfT dT , 

0 

(6.35) 

where u2 is the local mean-square value of the turbulent velocity 

(the total turbulent kinetic energy) and f designates the frequency. 

The resulting spectra in terms of F(f)/u2 vs. f are displayed in 

Fig. 6.18. All five spectra exhibit a peak around 0.7 to 1.0 Hz. A 

continuous shift of the peak to lower frequencies is clearly discerned 

as the axial distance x becomes larger. For the sake of closer 

comparison, the peak frequency-density function F /u2 
p and 
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corresponding peak frequency f p including their dimensionless values 

computed in accordance to the universal spectral function 

F ==Ff /u2 , p p p 

and dimensionless peak frequency 

where h == 3.04 m (10 ft) 

the ground and u is the 

-X 10 

F /u2 (s) 0.203 p 
F 0.222 p 
f (Hz) 1.098 p 
f 0.400 p 

f == f h/U p p 

is the height of the 

local mean velocity, 

11 12 

0.335 0.345 

0.265 0.253 

0.793 0.732 

0.369 0.327 

(6.36) 

(6. 37) 

turbulence line above 

are tabulated below: 

13 14 

0.352 0.386 

0.258 0.283 

0.732 0.732 

0.315 0.327 

With increasing streamwise distance -x the proportion of turbulent 

kinetic energy concentrated at the peak frequency augments by about 90%. 

This is in agreement with the axial increase of the integral length 

scale and, moreover, a:ttV.d..6 .to .the, a.c.c.wnu£.a.tion. OtJ e,n.eJtg!J a..t lcuige,-

-oc.a.le...6. An inertial subrange, where F(f) - rs/ 3 , is distinguished 

in all five cases for a frequ;ency bandwidth extending roughly from 

2 to 10 Hz. The energy-contatning range of the spectrum which occurs 

at large scales is hence separated from the dissipation range. This 

further confirms the predominiance of the large-scale eddies. 

It is worthwhile to compare the peak frequency-density functions 

with those obtained in the atmosphere for roughly similar flat terrain. 

The spectral peaks are of interest since they are .indicative of the 

maximum concentration of turbulent energy. This comparison was carried 
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out using the longitudinal spectra measured at Round Hill [65], 

Kennedy Space Center [66] .and in the Air Force Cambridge Research 

Laboratories experiment in Kansas [67,68]. At Round Hill the peak 

spectra under stable conditions was found for peak reduced frequency 
-f varying from 0.04 to 0.20. The peak reduced frequency observed at p 
the Kennedy Space Center under neutral conditions ranged from 0.04 to 

0.4. In the Kansas experiment, which was conducted under a variety of 

degree of stability, the peak reduced frequency took on values between 

about 0.08 and 0.34. In the present experiment, the peak reduced 

frequency varies from 0.315 to 0.400 and, therefore, il .iJ.i in a~~ept-

Generally, an autocorrelation is normalized with respect to the 

local mean-square value of the turbulent velocity according to 

Eq. (6.22). For nonhomogeneous turbulence, on the other hand, it is 

of considerable significance to examine the behavior of the auto-

correlations when they are all referred to the same characteristic 

turbulent energy. Such a normalization depicts the relative changes 

in the autocorrelations which are due to the turbulence nonhomogeneity. 

It is natural to render the autocorrelation set dimensionless by using 

the mean-square value of fluctuating velocity at the reference posi-

tion on the turbulence line. These reference-point autocorrelation 

coefficients are expressed by 

R (,) = u(t)u(t+,)/u2 
0 0 

(6.38) 

in which u2 = 6.25 m2/s 2 (67.4 ft 2/s 2 ) is the mean-square value of 
0 

fluctuating velocity at the first station on the turbulence line, i.e., 

at the reference point X = 10. 
0 

The set of five reference-point 
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autocorrelation coefficients is displayed in Fig. 6.19. Tlu/2 

'1.ep'1.e.oe .. nta.tfon p'1.ovidu an un,i,,6ied inoight into the vaJr.,,,la,t,i.,on' o,6 the 

autoc.oMel.a,,;uono along the tufl.bulenc.e line and, henc.e, into the 

-6t'1.eamW,l,6e c.hanging tufl.bulenc.e p'1.0pe..'1.Ue-6. The value of the 

autocorrelation at any point on the turbulence line can be readily 

supplied by the envelope of the reference-point autocorrelation set. 

At any time delay T the envelope is furnished by the curve connecting 

the corresponding amplitudes of the five reference-point autocorrela-

tions. Such an envelope is denoted by R0(x;T), where the semicolon 

indicates that it represents the axial variation of the reference-

point autocorrelation at any desired time displacement T. For 

instance, the curve joining the peaks R
0

(0) of the reference-point 

autocorrelation coefficient set, which is depicted by a dashed 

line in Fig. 6.19, is the envelope R (x;O). 
0 

It is important to note 

that this envelope describes exactly the streamwise variatio~ of the 

dimensionless turbulent kinetic energy u2 • Thus, the '1.e,6e..Jtenc.e-point 

autoc.oMelation -6et c.omp'1.ehend-6 eMe.nt,i,a.Uy the evolution 06 the tuJL-

bulenc.e along the tufl.bule.nc.e line. 

6.4 Lagrangian autocorrelation 

The Lagrangian autocorrelation can be computed according to 

Eq. (3.38) provided that the Eulerian autocorrelations arc concurrently 

secured at all points within the flow domain of interest. This domain 

represents essentially the so-called turbulence "box" depicted in 

Fig. 3.6. In this experiment the turbulence box was established by 

the extent of the wake in the turbulence measurement region. The 

lateral stretch of the wake was roughly 6 m (20 ft) (see Sect. 5.2). 



109 

In the vertical direction the wake extended up to about the depth of 

the extreme lower atmospheric layer, viz., up to 5 m (16.4 ft) (see 

Sect. 4). The longitudinal fetch of the box was demarcated by the 

axial reach of the turbulence measurement range. This span, which 

-extended from X::: 10 to 14 along the centerline of the wake (x-axis) 

as shown in Fig. 5.1, delineated the turbulence line within the box. 

The first station on this turbulence line, i.e., x == 10, can be thus 
0 

viewed as a point in the reference plane (or A-point plane) whereas 

the other four stations, viz., xB == 11, 12, 13 and 14, can be inter-

preted as positions in four different B-point planes considering the 

turbulence box depiction portrayed in Fig. 3.6. Basically, the refer-

ence plane is the plane X = 10 = constant since it is, by definition, 
0 

normal to the mean flow direction, as further shown in Fig. 3.6. The 

separation ~ between the reference and B-point planes is the distance 

traveled during a time lapse , by fluid particles that moved past 

the former plane. This distance is essentially the axial extent of 

the turbulence line measured from the reference point x
0

, i.e., 

~::: XB - XO. 

Within the turbulence box the longitudinal turbulent velocity 

was of primary interest since its energy is substantially larger than 

that of the other two components. Moreover, changes in the structure 

of the turbulence entail mainly streamwise stretching of the turbu-

lent eddies [22]. The Eulerian autocorrelations of the axial velocity 

along the turbulence line can be thus considered representative of the 

turbulence within the entire box. Furthermore, the minimum number of 

these autocorrelations necessary to reasonably describe the turbulence 

along this line can be based on the changes in their first integral 
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time scales. It was deduced that the five autocorrelation set 

sufficed in this regard inasmuch as their first integral time ·scales 

displayed a consistent variation as shown in Fig. 6.15. Estimation of 

the longitudinal Lagrangian autocorrelation for the turbulence box, 

i.e., i = j = 1 in Eq . (3.38), was consequently of prime concern. 

This reference-point Lagrangian autocorrelation is simply obtained by 

reducing the domain integral in Eq. (3.38) to a line integral along 

the turbulence line, The Lagrangian autocorrelation of the axial 

turbulent velocity is thus given by 

1 L(x ,T) = 
0 ~ 

X +~ 
0 

J R(x;T) dx, 
X 

0 

(6. 39) 

where x = lOR (15,2m (50 ft)) denotes the reference point on the 
0 

turbulence line whose axial extent is ~. In the foregoing equation 

the integrand R(x;T) designates the usual Eulerian autocorrelation 

at all points on the turbulence line, i.e., at all x-positions ranging 

from x to x + ~. for any time displacement T. 
0 0 

It is essential to phrase Eq. (6.39) in a dimensionless form by 

means of an unique value of turbulent energy for the entire turbulence 

line at all time delays, At the reference point x = 10 (or t = 0) 
0 

the Lagrangian axial turbulent velocity V 
0 

is instantaneously equal 

to its measured Eulerian counterpart 

Consequently, at the reference point 

u 
0 

in accordance to Eq. (3.8), 

v2 = u2. 
0 0 

This reference-point 

Lagrangian turbulent velocity V 
0 

can be furthermore viewed as a 

characteristic velocity for the entire turbulence line considering 

the nonhomogeneous nature of the turbulence. In the light of the 

foregoing instantaneous velocity equality it is apparent that the 
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Lagrangian and Eulerian autocorrelation coefficients can be defined as 

follows: 

L (x ,T) = L(x ,T)/v 2 , 
0 0 0 0 

(6.40) 

and 

(6.41) 

where v2 = u2 = 6.25 m2/s 2 (67 . 2 ft 2/s2 ; see Sect. 6.1.2) and 
0 0 

x,x
0

= x/ R,x
0

/R. The latter equation describes the dimensionless 

envelope at any time delay T of the Eulerian reference-point 

autocorrel ation coefficient set shown in Fig. 6.19, A picture of such 

envelopes is provided by Fig. 6.20 at three time delays, viz., at 

T = 0, c 1 .and c2 • Then substitution of Eqs. (6.40) and (6.41) into 

Eq. (6.39) yields the Lagrangian autocorrelation coefficient 

X +C 0 '-, 

L (X , T) 1 
J A ex; T) dx, = 

0 0 
E; 

0 
x 

(6. 42) 

0 

where the dimensionless extent of the turbulence line is defined 

in the same manner as the axial distance, i. e, t = E;/R. Illustration 

of how the integral in Eq. (6.42) is evaluated at a particular lag 

time T i s portrayed in Fig. 6.20. The shaded area in this figure 

depicts the result of the integration when T = c
2 

and, thus, it 

equals t[ (x ,T = c 2 ). 
0, 0 

In computing the Lagrangian autocorrelation coefficient by means 

of Eq. (6.42), it was necessary to estimate the maximum time delay 

T which corresponded to the longest axial reach of the turbulence max 
line E;max· These two parameters are related through the character-

istic mean velocity u 
C 

for the turbulence line in accordance to 
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Eq. (3.23), viz., T = ~ /U. max smax c Since the turbulence line extended 

- -from X = 10 
0 

to x = 14, its maximum axial extent B ~max= 4 (6.08 m 

(20 ft)). The corresponding maximum time displacement T = 0.85 S max 
inasmuch as the characteristic mean velocity scale U = 7.12 m/s 

C 

(23.4 ft/s)(see Sect. 6.1.1). Evaluation of the integral in Eq. (6.42) 

was performed numerically for time delay intervals of 2 ms in the manner 

manner portrayed in Fig. 6.20. Insofar as the time displacement T = 0 

to 0.85 s, 426 envelopes were employed. These envelopes were 

obtained by interpolation from the five Eulerian reference-point 

autocorrelation coefficients shown in Fig. 6.19. The variation of the 

resulting Lagrangian autocorrelation coefficient ·[ (x ,T) with 
0 0 

increasing time delay T is displayed in Fig. 6.21. An enlargement 

of its positive portion is further depicted in the insert included in 

this figure. The Lagrangian autocorrelation coefficient exhibits 

distinctly a cusp at zero time delay. A similar cusp was revealed by 

all five Eulerian autocorrelations. The first zero crossing of the 

time axis occurs at about 0.26 s. This value of T1 lies within 

the range of the Eulerian autocorrelation set first zero crossings 

which varied from about 0.2 to 0.5 s. After the time axis crossing 

the Lagrangian autocorrelation displays relatively shallow negative 

values. Essentially, this Lagrangian autocorrelation can be viewed 

representative for the entire turbulence box. This ensues from the 

nature of the Eulerian autocorrelation set employed to compute it. 

Simultaneous examination of the variations in time and space of 

the set of five Eulerian reference-point autocorrelation coefficients 

R (T), of several selected envelopes R (x;T) and of the Lagrangian 
0 0 

autocorrelation coefficient L (x ,T) can supply a significant 
0 0 
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insight into the turbulence development along the turbulence line. 

Such an overall display is provided by Fig. 6.22. Both the axial 

position -X and the axial distance from the reference point -X 
0 

along the turbulence line are shown in this figure. The time axis T 

extends up to 1 s since the maximum time displacement of interest for 

the Lagrangian autocorrelation was 0.85 s. A complete picture of the 

time variation of the five Eulerian reference-point autocorrelation 

coefficients at each position and of the spatial change of their 

envelopes at any time delay is essentially furnished by Fig. 6.22. 

This dual representation permits immediate estimation of the Eulerian 

autocorrelation everywhere on the turbulence line. The contribution 

of each envelope to the Lagrangian autocorrelation can be 

moreover identified by means of this representation. For instance, 

the shaded areas in Fig. 6.22 denote those portions of the envelopes 

which were utilized in computing the Lagrangian autocorrelation 

coefficient. It is evident according to Eq. (6.42) that tlte 

The evolution of the Lagrangian autocorrelation with augmenting time 

displacement T and/or its corresponding axial distance ~ from 

the reference point depicted in Fig. 6.22 cleoJu..y indicatu thb.. 

notable pnopeJt:ty. This is due to the fact that the Lagrangian auto-

correlation expresses the interconnection between velocities at two 

instants in time which accounts inherently for two positions in space. 

-One of these spatial locations is the reference point ~ = O whereas 

the second position is approximated by the distance ~ along the 

turbulence line. Therefore, the projection of the Lagrangian 
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autocorrelation onto the ~-T plane traces a line T = ~/U . 
C 

The. 

c.on.c.Wl}l,e,n,t Jte.y:))ie/2e.nta.Uon 06 the..oe. th!Le.e. autoc.Cf./Vte£.a;tl.on. 6u.n.c.tion.o 

duwbu c.on;.,e.qu.e.ntly the. twz.bu.le.n.c.e. p!Lope.Jttieo 601L the. e.nti!Le. 

tu.Jtbu.le.n.c.e. un.e. .ln. te.Jtm.6 06 both Eul.e.lL.lan. and LagJtan.g.lan. va!L.lab.tu. 

The Lagrangian autocorrelation was computed by means of Eq. (6.39) 

which is basically the axial component of Eq. (3.38). This latter 

equation was obtained by neglecting in Eq. (3.2S) the three Eulerian 

velocity cross products given by Eqs. (3.35), (3.36) and (3.37). The 

first two cross products are comprised of sums of two-point two-time 

velocity-velocity derivative cross-correlations while the last cross 

product consists of a sum of two-point two-time double velocity 

derivative cross-correlations. These cross-correlations are signifi-

cantly lessened with augmenting order of differentiation (see 

Sect. 3.2.2). As a result, the three sums are apparently dominated by 

their respective first-order space-time cross-correlation terms. To 

justify the disregarding of the three Eulerian velocity cross products 

the magnitudes of their first-order terms were estimated. The method 

by which these cross-correlations were evaluated is described in Ap-

pendix III. Their variations with increasing time delay up to 1 s and 

for a fixed correlation length ~ = 1 are displayed in Fig. A.111.1. 

All three first-order cross-correlations are vanishingly small at al-

most all time delays. Their amplitudes reached at most values of about 

0.015 to 0.02 at only several time displacements. Consequently, it is 

reasonable to infer that the three Eulerian velocity cross products 

can be disregarded. 

The Lagrangian autocorrelation coefficient can be further 

utilized to estimate the Lagrangian micro and integral time scales. 
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These two time scales are representative of short and long diffusion 

times, respectively. It is significant to point out that the 

Lagrangian autocorrelation yields unique values for these two charac-

teristic time scales for the entire turbulence line. Formally, the 

Lagrangian time scales are defined in exactly the same manner as their 

Eulerian cqunterparts. The Lagrangian micro time scale or small dif-

fusion time scale tL was thus approximated by the intersection of the 

osculating parabola of the autocorrelation coefficient at zero lag 

time with the time axis [10]. It was found that tL = 5.45 ms. A 

small value for this time scale was anticipated in the light of the 

distinctive cusp displayed by the Lagrangian autocorrelation at zero 

time delay as clearly revealed in Fig. 6.21. 

The Lagrangian integral time scale or large diffusion time 

scale is given by [10] 
00 

L (X ,T) dT, 
0 0 

This integral time is expected to equal zero based on its 

analogy to its Eulerian counterpart. It is therefore natural to 

advance a Lagrangian first integral time scale or first long 

diffusion time scale 
Tl 

TLl = f [o(xo,T) dT, 
0 

where T
1 

= 0.26 sis the first zero crossing of the Lagrangian 

autocorrelation. Essentially, the first integral time scale 

accounts solely for the positive portion of the Lagrangian auto-

(6.43) 

(6. 44) 

correlation shown in Fig. 6.21. A value of TL1 = 51.5 ms was 

obtained. 1his yields a Lagrangian time scales ratio TL1 /tL = 9.45 
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The ratios of the Eulerian time scales are exactly of same order of 

magnitude. 

It is worthwhile to further inspect the streamwise changes of the 

Lagrangian to Eul erian micro time scale and first integral time 

scale ratios. These ratios are denoted by tL/t and TL
1
/T1 , 

respectively. The variations of these two ratios along the turbu-

lence line are shown in Fig . 6.23. Both ratios exhibit a similar 

continuous decrease with increasing axial extent ~ of the turbu-

lence line. Their values diminish from about 0. 96 at the reference 

point ~ = 0 (or x = 10) to roughly 0.42 at the downstream end of the 
0 

turbulence line ~ = 4 (or x8 = 14). This persistent streamwise max 
diminution of the time scale ratios can be attributed to the accompany-

ing continuous change of the turbulence time scales. It is apparent 

that the use· of unique values for these ratios is precluded 

considering the increase of the Eulerian time scales along the 

turbulence line. Moreover, the Lagrangian or diffusion time scales 

are consistently smaller than their Eulerian equivalents. Since the 

turbulence is the agent effecting the diffusion, the Lagrangian time 

scales reflect, in all likelihood, the restrictions imposed by the 

turbulence or Eulerian time scales. The diffusing material is 

basically entrained and conveyed by the existing turbulent eddies. 

With increasing Eulerian time scales the diffusion is consequently 

enhanced and, as a result, smaller diffusion time scales prevail. 

The.n both 1.ihold and l ong dififiU,6,i,on u.me. .6c.alu eute. c.on1.it!Laine.d wi.tlun 

the. micJw a.nd fi.ur..J.it i nt e.gfl.al time. 1.ic.ale..6 ofi the. twr..buie.nc.e., i.e.., 
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tL < t and TL
1 

< T1 . If the Eulerian time scales would decrease in 

the streamwise direction, the opposite situation is anticipated. 

Comparison of the foregoing results with available data is quite 

difficult due to the considerable scattering of the latter. Ratios 

of the Lagrangian to Eulerian integral time scales ranging from 1.1 

to 8.5 were proposed by Hay and Pasquill [27] for atmospheric flow. 

Furthermore, constant value of 4 for this ratio was suggested in 

this reference. For large-scale atmospheric motion Kao [69] 

reported that the Lagrangian to Eulerian integral time scale ratio is 

generally smaller than unity . Values of about 0.43 to 0.45 for this 

ratio are further presented in Ref. 69. In pipe and/or wind-tunnel 

flows, values of the integral time scales ratio usually larger than or 

equal to unity are reported. For pipe diffusion Baldwin and 

Mickelsen [31] found that this ratio can change from 4.7 to 40. 

Constant values of 3, 1 and 1.3 for the integral time scales ratio 

were proposed by Snyder and Lumley [29], Deissler [32] and Shlien 

and Corrsin (33], respectively. An analysis of some existing data 

led Philip [40] to the inference that this ratio can change from 

0.3 to beyond 14 depending upon the flow situation. The smaller 

values refer to large-scale atmospheric turbulence. It is thus 

apparent that the results given in Fig. 6.23 are corroborated to a 

reasonable extent by previous findings. 

The Lagrangian or diffusion first integral length scale AL
1 

was 

furthermore examined since it is representative of the longitudinal 

displacement traveled by diffusing particles [10]. This spatial scale 

is formally similar to its Eulerian counterpart A1 inasmuch as 

both are based on their respective first integral time scales. The 
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diff erences between the Lagrangian and Eulerian first integral length 

scales stem from the fact that the fomer is expressed in terms of 

the Lagrangian turbulent velocity whereas the latter is defined by the 

Eulerian mean velocity . In computing this Lagrangian spatial scale the 

characteristic Lagrangian turbulent velocity v, i.e., the velocity 
0 

at, the reference point s = 0, was utilized . Thus, the Lagrangian 

first integral length scale is 

-1 

ALl = (v;) Yz TLl' (6. 45) 

-1 

where (v;) Yz = 2.5 m/s (8.22 ft/s) and TLl = 51.5 ms. It was found 

that AL
1 

= 12.9 cm (0.424 ft). This diffusion spatial scale was 

further compared to the Eulerian first integral length scale A1 • The 

latter represents the large scale structure of the turbulence along the 

turbulence line. Variation of the ratio of the Lagrangian to Eulerian 

first integral length scales AL 1/A 1 with increasing axial separation 

s is depicted in Fig. 6.24. Its value ranges from about 0.28 to 0.15. 

These relatively small values of this ratio indicate that the spatial 

scales of the turbulence are larger than the displacement scales of 

diffusing particles. In other words, :the. cu66M,i..on .t,pa;t,i.,af .tJc.ai.e.f.J 

Me. Jte.f.Jtluc.:te.d wUhJ..n :the. .t, pac. e. .t, c.ai.e.f.J o 6 :the. p,r.e.val.e.n:t :tuJtbut'e.nc.e.. 

Generally, the values of the length scale ratio portrayed in Fig. 6.24 

are in reasonable agreement with the limited available previous data. 

For changing turbulent velocity from 0.55 to 1.46 m/s (1.8 to 4.8 ft/s) 

Baldwin and Mickelsen [31] found values of this ratio varying from 1.2 

to 0.14. A value of O. 34 for this length scale ratio is implied by 

Snyder and Lumley [29] for a turbulent velocity of 13 cm/s (0,426 ft/s). 
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Computation of the turbulent momentum exchange coefficient for 

very long diffusion times hinges upon knowledge of the Lagrangian 

autocorrelation up to its final asymptotic zero trend. It is anti-

cipated that the Lagrangian autocorrelation would approach zero level 

in a comparable manner as the Eulerian autocorrelation since they 

possess similar properties [10]. The stipulation that the Lagrangian 

integral time scale would finally become zero with increasing time 

displacement was employed in extrapolating the Lagrangian autocorrela-

tion beyoni the lag time T = 0.85 s. This condition was fulfilled at 

a time deLa.y around 4.2 s. The axial extent corresponding to this 

extended time lapse was estimated based on Eq. (3.23) and using same 

characteristic mean velocity scale as for the turbulence line, viz., 

~=UT. An extended longitudinal reach of about 30 m (100 ft) was 
C 

obtained since U = 7.12 (23.4 ft/s ) (see Sect. 6.1.1). Thus, the 
C 

extending time displacement yielded roughly a turbulence line of an 

axial fetch l = 20. This axial separation can be viewed as the 

largest distance traveled by diffusing material before the auto-

correlation of their turbulent velocity completely vanishes. Such a 

long distance can be attributed to the convection of material by 

the mean flow. The variation of this extended Lagrangian autocor-

relation coefficient with increasing time delay is depicted in 

Fig. 6.25. 

6.5 Turbulent diffusion 

Generally, under stable conditions at Richardson numbers smaller 

than about 0,1 the turbulent momentum, mass and heat exchange coef-

ficients are approximately equal [22,54]. Then estimation of the 
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momentum .exchange coefficient suffices to ascertain the features of 

turbulent diffusion processes . This approach was explored in this 

experiment since the Richardson number of the wake flow was roughly ' 

0.002 (see Sect. 6 . 1.1). Computation of the turbulent momentum ex-

change coefficient (or eddy diffusivity) is basically contingent upon 

knowledge of the Lagrangian autocorrelation within the flow domain of 

interest. 

In this work the axial Lagrangian autocorrelation coefficient 

l (x ,,) was obtained from a set of Eulerian autocorrelations on the 
0 0 

turbulence line as described in Sect. 6 . 4. The axial turbulent 

momentum exchange coefficient KM(x
0
,t0) can be then evaluated by 

means of the relationship [10,12] 

to 
I l (X , T) d T, 

0 0 
(6.46) 

0 

in which the characteristic mean-square value of the Lagrangian 

velocity for the turbulence line v2 = 6.25 m2/s 2 (67.2 ft 2/s2 ) and 
0 

x = x /R . This characteristic velocity was utilized considering the 
0 0 

nonhomogeneous nature of the turbulence along the turbulence line. 

In the foregoing equation the elapsed diffusion time since the 

starting of a diffusion process is denoted by t 0 for convenience. 

The eddy diffusivity is ascertained with respect to the reference 

point x = 10 (or 
0 

~ = O) on the turbulence line due to the intrinsic 

definition of the reference-point Lagrangian autocorrelation. Conse-

quently, it can be viewed as representative for the entire t~rbulence 

box. The longitudinal eddy diffusivity was made dimensionless, for 

the sake of generality, using v2 
0 

and the Lagrangian first integral 

time scale TL1 = 51.5 ms (see Sect. 6.4) according to 
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(6.47) 

where the dimensionless diffusion time is defined by 

(6. 48) 

where TL
1 

= 51.5 ms. The first integral time scale was utilized 

inasmuch as it is indicative of the long diffusion times. 

To obtain a complete picture of the eddy diffusivity variation at 

very large diffusion times it is imperative to account for the final 

asymptotic decay of the Lagrangian autocorrelation coefficient. The 

dimensionl ess turbulent momentum exchange coefficient ~(x
0
,t0) was 

hence computed by means of Eq. (6.47) employing the extended Lagrangian 

autocorrelation coefficient. The resulting axial eddy diffusivity 

change with augmenting diffusion time from t 0 = 0 to 82 (0 to 4.2 s) 

is portrayed in Fig. 6.26. A closer examination of its variation for 

short diffusion times ranging from t 0 = 0 to 0.2 (Oto 103 ms) is 

provided by the insert incorporated in this figure. For very short 

diffusion times, viz., from Oto about 0.1 (5.15 ms), the momentum 

exchange coefficient can be approximated by ~(x
0
,t0) ~ t 0 within 

about 10% difference as clearly shown in Fig. 6.26. This time range 

is practically equal to the Lagrangian micro time scale tL = 5.45 ms 

(see Sect. 6.4). 

The momeritwn exehange eoe00iuent attain6 w maximum va.fue at a 

autoeofl.ll..ela.tion, viz., at t 0 = , 1 = 0.26 s (see Sect. 6.4). Then 

KM(x
0
,t0 = 0.26 s) = 3219 cm2 /s (3.46 ft 2 /s) or ¾(x0 ,t0 = 5.05) = 1.0 

as indicated in Fig. 6.26. T/u.6 va.fue 06 the eddy di66U'6ivay aeeoun..to 
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-0olely 604 the po-0,Lt,lve autoQoMela.Li..on. It is worthwhile to remark 

that the normalizing scale v 2 T o L1 is basically the largest value 

that the momentum exchange coefficient can attain in view of the 

definition of the Lagrangian first integral time scale. The eddy 

diffusivity peak value of 3219 cm2 /s is in reasonable agreement with 

reported available results for similar stability conditions in the 

extreme lower atmosphere. In a study at Round Hill, peak values of the 

momentum exchange coefficient varying from 2400 to 5600 cm2 /s (2.58 

to 6.03 ft 2 /s) for heights from 2.3 to 6.4 m (7.5 to 21 ft) and wind 

speeds of 2.52 to 3.13 m/s (8.27 to 10.27 ft/s) were found by Cramer 

in 1953 [70]. At a height of 2 m (6.6 ft) over grass ranging from 1 

to 60 cm (0. 03,28 to 1. 97 ft) high and for a wind speed of 5 m/ s 

(16.4 ft/s), typical maximum values for the eddy diffusivity varying 

from 2200 to 4800 cm 2/s (2.37 to 5.16 ft 2/s) were reported by 

Pasquill in 1962 [11]. 

A6te4 ill pea.k. value the tultbulent momentum e,xQhang·e. Qoe.66ic.ie.nt 

in Fig. 6.26. This continuous diminishing trend results from 

accounting for the negative Lagrangian autocorrelation. It is 

natural to furthermore expect that the turbulent momentum exchange 

coefficient will vanish at very long diffusion times inasmuch as a 

turbulent flow within a finite axial extent was investigated. Zero 

eddy diffusivity was obtained at about t0 = 82. This long diffusion 

time corresponds to the time delay T = 4.2 s which yielded the final 

asymptotic zero decay of the extended Lagrangian autocorrelation 

coefficient. In other words, the turbulent exchange coefficient with 
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reach of roughly t = 20. 
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x = 10 vanishes within an axial 
0 

The axial turbulent momentum exchange coefficient KM(x
0
,t0) and 

the dispersion coefficient (or mean-square displacement) D(x
0
,t0 ) 

are related by [10,15] 

(6. 49) 

since the former is the time rate change of the latter. In terms of 

the Lagrangian autocorrelation coefficient [ (x ,,), the longitudinal 
0 0 

mean-square displacement is expressed by [10,15] 

_ to 
D(xo,to) = 2 v; I (to - ,) Lo(xo,T) d,. 

0 

(6.50) 

Often the mean-square displacement is designated by either Y2 or 

X2 • The dispersion coefficient was made dimensionless employing the 

same characteristic Lagrangian velocity and first integral time scale 

used in normalizing the eddy diffusivity, viz., 

· (6.51) 

It is important to note that this axial dispersion coefficient is 

essentially defined with respect to the reference point -X = 10 
0 

(or ~ = O) on the turbulence line in a similar manner as for both the 

eddy diffusivity and Lagrangian autocorrelation . As a result, it is 

representative for the entire turbulence box. 

The dimensionless axial dispersion coefficient was computed 

using Eq. (6.51) and its variation with increasing diffusion time t 0 
is portrayed in Fig. 6.27. For very short diffusion times up to the 

Lagrangian micro time scale, viz., for t 0 up to roughly 0.1, the 
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di spersion coeffici ent can be approximated by within a 

di ffer ence of about 8%. This behavior is clearly revealed in the 

i nsert included in Fi g . 6.27. Generally, the axial dispersion coef-

fic i ent exhibits a monotonical increase with augmenting diffusion time. 

At very l ong di f fus ion times the mean-square displacement approaches 

asymptotically a constant level D(x
0
,t0 = 4.2 s) = 1.06 m2 (11.5 ft 2 ) 

or D (\, t0 = 81. 6) = 64. 2. This constant value is obtained as the eddy 

diffusivity vanishes considering Eq. (6.49). Essentially, th,,v., uppe/1. 

To substantiate t he estimation of the dispersion coefficient and 

its use in pr edicting the concentration of transportable material 

along the t urbulence l ine a gas diffusion experiment was performed. 

Sulfur hexafl ouride was continuously emitted at a constant rate 

Q = 25 0 cm 3/ s (0.0088 ft 3/s) at a point source located 7.60 m (25 ft) 

upstr eam of the turbulence-line reference point, i . e., at -x = 5, as 

shown i n Fig. 5 .10. The features of this experiment and the concen-

t rat ion measurement s are described in Sect. 5.6. In the presentation 

of the results , the measured concentration is referred to its 

monitor ed level at the reference point 

t he normal ized concentrations 

I; = 0 (or. 

x(i;) = x ( !; ) lx
0

, 

x = 10). 
0 

Thus, 

(6. 52) 

where x = 5.8 ppm (parts per million). Variation of the normalized 
0 

measured concentration with increasing axial distance t along the 

turbulence line i s depicted in Fig. 6.29. This concentration exhibits 

a continuous decrease t o about 0.74 (4.3 ppm) as ~ increases to 4. 



125 

The dispersion coefficient computed in accordance to Eq. (6 .. 50) 

in terms of the Lagrangian autocorrelation was used to predict the 

concentration along the turbulence line in terms of a known concentra-

tion at the reference point. Essentially, the gas emitted a flow rate 

-Q by the point source located at X = 5 was entrained by the turbu-

lent flow forming a spreading plume. Then at the reference point the 

gas tracer was distributed within a finite area A 
0 

which is basically 

the local cross section of the growing plume. The flow visualization 

clearly revealed this situation. This finite area A is interpreted 
0 

as a hypothetical area source of finite concentration contained within 

the reference plane defined by x = 10 = constant with regard to the 
0 

turbulence box. It is further reasonable to assume that the gas is 

uniformly distributed within the area. Then the concentration every-

where in the area source A
0 

equals the measured value X
0 

at the 

reference point. The cross section of this area source based on mass 

continuity is 

(6.53) 

and the equivalent area source strength is 

(6.54) 

where Q is the point source emission rate and the characteristic 

mean velocity scale U = 7.12 m/s (23.4 ft/s) (see Sect. 6.1.1). 
C 

was found that the cross section of the area source A = 6.05 m2 
0 

(65 ft 2 ) and its strength 

since Q = 250 cm 3/s and 

' 
q = 4.13 x 10- 3 cm/s (1.36 x 10- 4 ft/s) 

0 

X = 5.8 ppm. 
0 

It 

The area source A consists essentially of numerous differen-o 

tial area sources of flow rate q dA. 
0 0 

Each differential area source 
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dA can be approximated by a hypothetical point source locate.cl at 
0 

its centroid (x ,y ,z ). Consequently, the differential concentration 
0 S S 

dX induced by an area source element dA 
0 

at a point along the 

turbulence line is estimated by the point-source concentration 

equation [10] 

dX ( ~, X , y , Z ) = 
0 S S 

• exp [-

q dA 
0 0 

(2TT)3/2 

CX) 

0 S S 
_ X )2 + y2 + z2] 

(6.55) 

is the dispersion coefficient. This equation is 

for uniform flow in isotropic turbulence. It implies furthermore 

that the displacement probability density distribution of diffusing 

material is Gaussian [10]. As a result, Eq. (6.55) provides solely a 

first order approximation for the concentration. Computation of the 

gas differential concentration dX on the turbulence line was carried 

out using the dispersion coefficient given by Eq. (6 . 50). The contri-

bution of the integrand in Eq . (6.55) is negligibly small at very long 

diffusion times due to the exponential decay. It suffices then to 

compute the concentration up to the diffusion time corresponding to 

the upper bound of the dispersion coefficient, viz., up to t = 4.2 s. 
0 

The total concentration at a point~ on the turbulence line caused by 
I 

the entire area source is simply obtained by integrating the foregoing 

point-source concentration equation over its cross section A. Thus, 
0 

x cLx ) 
0 

dX(~,x ,Y ,z )/X , 
0 S S 0 

(6. 56) 
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where the total concentration was referred to the measured level 

X = 5.8 ppm at the reference point 
0 

-X = 10. 
0 

Variation of the normalized computed concentration xcr,,x) 
0 

with increasing axial separation ~ from the reference point X 
0 

is 

portrayed together with its measured counterpart in Fig. 6.28 . A 

striking congruent behavior of the computed and measured concentrations 

is clearly observed. Both concentrations exhibit a similar gradual 

decrease in the streamwise direction. The predicted concentrations 

revealed s l ightly larger values than the measured levels. Their 

differences varied from about 4% at~ = 1 to roughly 13 and 12% at 

~ = 3 and 4, respectively. These results are in a remarkable agree-

ment considering the assumptions involved in employing the point 

source-concentration approximation. It ,L6 thw., appanent that the 

notable c.ongJtu.enc.e on the p!tedlc.ted and meMu.Jted c.onc.en;t,ia;t,i.on,6 · 

c.oMobonatv., the dedu.c.ed fupe.Mion c.oennic.ient. Mo1teove1t, tw 

the Lagnangian au.toc.oMelation . 
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7. SUMMARY AND CONCLUSIONS 

The main goals of this work were the development of a model for 

the evaluation of the Lagrangian turbulent velocity autocorrelation 

and its experimental substantiation in the extreme lower atmosphere. 

Knowledge of the Lagrangian autocorrelation is indispensable for the 

estimation of the turbulent momentum exchange coefficient, the 

dispersion coefficient and, finally, the spatial concentration of 

transportable material. In this work, the statistical treatment of 

turbulence was utilized due to its recognized superiority with respect 

to the transfer theory approach. 

A method for assessing the statistical stationarity of turbulent 

velocity was put forth as a prerequisite for the statistical analysis. 

In this method an equivalent ensemble was created by dividing a suf-

ficiently long time hi~tory of turbulent velocity into a finite number 

of equal time length records. Th'e establishment of an equivalent 

ensemble was based upon fulfilling the following three criteria: 

(1) unchanged flow conditions throughout the tiae history; (2) each 

sample record contains all the information up to the largest turbulent 

time scale of interest; and, (3) the sample records are statistically 

independent among themselves. 

A relationship between the Lagrangian and Eulerian autocorrela-

tions was developed based on trajectory, particle-space and reference-

plane averagings of Eulerian velocity products. The Lagrangian auto-

correlation is expressed in this model by a domain integral over a set 

of ordinary Eulerian autocorrelations which are to be obtained concur-

rently at all positions in the flow field of interest. Such a flow 

field is viewed as a turbulence "box." The rela-tionship for the 
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Lagrangian autocorrelation is not constrained to either homogeneous 

and/or isotropic turbulence. 

An experimental investigation was primarily conducted for the 

purpose of verifying the proposed model for computing the Lagrangian 

autocorrelation and its application to predicting turbulent diffusion. 

Turbulent flow within the extreme lower atmospheric layer, i.e., the 

layer up to about 5 m depth was simulated using the wake flow generated 

by a 3.04 m diameter fan installed on flat grassland at the Colorado 

State University Environmental Field Station. Both dynamic and thermal 

similitude criteria were satisfactorily fulfilled by this simulated 

flow. Detailed velocity surveys were carried out under calm wind, dry 

and stable conditions over an axial fetch of 6.08 m along the wake 

axis. This stretch was considered a turbulence "line" within its box, 

viz., within the wake. All the measurements were performed simul-

taneously at five stations on the turblence line using a longitudinal 

array of five hot-wire anemometers. These hot-wire anemometer systems 

were remotely operated. The measurements concentrated on the longi-

tudinal turbulent velocity since its energy is substantially larger 

than those of the other two components. 

The stationarity test of the turbulent velocity clearly 

indicated that it was approximately weakly stationary in a statistical 

sense. Substantiation of the ergodic assumption was furthermore 

roughly accomplished through a heuristic checkup. As a result, the 

turbulent velocity was considered a realization of a weakly self-

stationary random process. The streamwise changing turbulence 

properties along the turbulence line was deduced from a set of five 

Eulerian autocorrelations which were obtained concurrently. The 
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autocorrelations displayed a consistent similar change in amplitude 

with augmenting time displacement including their negative portions 

and final zero decay. A first integral time scale was introduced as 

a characteristic large time scale of the turbulence. This time scale 

was defined by considering only the positive autocorrelation. The 

micro and first integral time and length scales of the turbulence 

revealed a continuous streamwise increase along the turbulence line. 

This behavior attested to the nonhomogeneous nature of the turbulence. 

It was attributed to the energy dissipation at high frequencies and 

concomitant energy extraction from the mean flow at low frequencies. 

The turbulence structure was clearly dominated by relatively large-

scale eddies inasmuch as the first integral time and length scales 

were about tenfold larger than their micro scale counterparts. 

Moreover, the structure of the turbulence from large to small eddy 

sizes was in acceptable agreement with atmospheric flows based on the 

micro and integral scale Reynolds numbers and the peak reduced 

frequency of the axial turbulent velocity energy spectrum. Further 

substantiation of the large-scale structure predominance was furnished 

by the drastic reduction in the dissipation along the turbulence line. 

The negative autocorrelation was interpreted as a measure of turbulent 

kinetic energy transfer from larger to smaller scales. A higher 

degree of negative autocorrelation at greater time d1splacements 

indicated sustenance of larger-scale eddies and, hence, a slower rate 

of energy transfer to smaller eddies. 

A simultaneous unified insight into the continuous time and space 

changes of the Eulerian autocorrelations along the turbulence line 

was procured by introducing Eulerian reference-point autocorrelations 
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and Eulerian autocorrelation envelopes. The Eulerian reference-point 

autocorrelations supplied the time change of the autocorrelation with 

respect to the turbulent kinetic energy at the reference point on the 

turbulence line, i.e., the first station on this line. This 

representation was put forth in the light of the turbulence non~ 

homogeneity. The spatial variations of the autocorrelations was 

furnished by the Eulerian autocorrelation envelopes, These envelopes 

were obtained by connecting the simplitudes of the reference-point 

autocorrelations at selected time displacements. 

The longitudinal Lagrangian autocorrelation was estimated by 

means of a line integral over all the Eulerian autocorrelation 

envelopes for the turbulence line , Basically, the Lagrangian 

autocorrelation variation with augmenting time delay including its 

negative asymptotic zero approach was qualitatively similar to the 

Eulerian autocorrelation. Large diffusion times predominated since 

the Lagrangian first integral time scale was about ten times larger 

than the micro time scale. The integral scale accounted solely for the 

positive Lagrangian autocorrelation. Ratios of the Lagrangian to 

Eulerian time and length scales smaller than unity were found. These 

ratios are in reasonable agreement with previous findings. The 

Lagrangian time and length scales reflected the restrictions imposed 

by the Eulerian scales since the turbulence is the agent effecting the 

diffusion. Both short and long diffusion time and length scales were 

constrained within the Eulerian scales of turbulence, 

Turbulent momentum exchange coefficient (or eddy diffusivity) and 

dispersion c oefficient (or mean-square displacement of diffusing 

material) variations with augmenting diffusion time were ascertained 
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using the known Lagrangian autocorrelation. The eddy diffusivity 

attained its maximum value at a diffusion time equal to the first zero 

crossing of the Lagrangian autocorrelation. This peak value is in 

reasonable agreement with available results in the extreme lower 

atmosphere. At very long diffusion time the momentum exchange coef-

ficient vanished inasmuch as a turbulent flow within a finite axial 

extent was investigated, Concentration of diffusing material along the 

turbulence line was predicted employing the deduced dispersion coef-

ficent. The computed concentration distribution along the turbulence 

line was compared with measured concentrations of sulfur hexaflouride 

which was utilized as a gas tracer in a diffusion experiment. Both 

concentrations exhibited a striking congruent variation with increasing 

axial distance along the turbulence line. They differed by 4 to 13% 

at the most, This result clearly substantiates the model utilized for 

computing the Lagrangian autocorrelation and, hence, the deduced turbu-

lent momentum exchange and dispersion coefficient. 



!33 

REFERENCES 

1. Boussinesq, J., "Essai Sur la Theorie des Eaux Courantes," Mem. 
pres. par div. savants al' Academie des Sciences, Paris, Vol. 23, 
No. 1, 1877, pp. 1-680. 

2. Taylor, G.I., "Eddy Motion in the Atmosphere," Philosophical 
Transactions of the Royal Society, Vol. 215, 1915, pp. 1-26. 

3. Prandtl, L., "Uber die ausgebildete Turbulenz," Zeitschrift fur 
angewandte Mathematik und Mechanik, Vol. 5, 1925, pp. 136-139. 

4. Taylor, G.I., "The Transport of Vorticity and Heat through Fluids 
in Turbulent Motion," Proceedings of the Royal Society, A, 135, 
1932, pp. 685-705. 

5. Prandtl, L., "The Mechanisms of Viscous Fluids," Aerodynamic 
Theory, ed. Durand, W.F., Vol. 3, Dover Publications, Inc., New 
York, N.Y., 1963, pp. 34-208. 

6. von Karman, T., "Mechanical Similitude and Turbulence," NACA TM 
611, March 1931, Washington, D.C. 

7. Sutton~ O.G., Micrometeorology, McGraw-Hill Book Company, Inc., 
New York, N.Y. 1953. 

8. Monin, A.S., "Turbulent Diffusion in the Ground Layer of the 
Atmosphere," Szvestiya AN SSR Seriya Geofizicheskaya, No. 12, 
1956, pp. 1461-1473. 

9. Priestley, C.H.B., Turbulent Transfer in the Lower Atmosphere, The 
University of Chicago Press, Chicago, Ill., 1959. 

10. Hinze, J.O., Turbulence: An Introduction to Its Mechanism 
and Theory, McGraw-Hill Book Co., New York, N.Y., 1959. 

11. Pasquill, F., Atmospheric Diffusion, D. Van Nostrand Co. Ltd., 
London, England, 1968. 

12. Taylor, G.I., "Diffusion by Continuous Movements," Proceedings 
of the London Mathematical Society, Vol. 20, 1921, pp. 196-212. 

13. Taylor, G. I., ."Statistical Theory of Turbulence, Parts I-IV," 
Proceedings of the Royal Society, A, Vol. 151, 1935, pp. 421-478. 

14. Taylor, G.I., "The Spectrum of Turbulence," Proceedings of the 
Royal Society, A, Vol. 164, 1938, pp. 476-490. 

,. ,. 
15. Kampe de Feriet, J., "Les Fonctions Aleatorires Stationnaires 

et la Theorie Statistique de la Turbulence Homogene, "Annales 
Societe Scientifique de Bruxelles, Vol. 59, Ser. 1, 1939, 
pp. 145-194. 



134 

16. Heisenberg, W., "On the Statistical Theory of Turbulence," NACA 
TM 1431, January 1958, Washington, D.C. 

17. Friedlander, S.K. and Topper, L.,eds., Turbulence ClM~iQ PapeJl..6 on 
Sto..;ti,,otiQai Theony, Interscience Publishers, Inc., New York, N.Y., 
1961. 

18. Frenkiel, F.N., "Turbulent Diffusion: Mean Concentration Distri-
bution in a Flow Field of Homogeneous Turbulence," Advances in 
Applied Mechanics, Vol. 3, eds. von Mises, R. and von Karman, T., 
Academic Press, New York, N.Y., 1953, pp. 61-107. 

19. Townsend, A.A., The Structure of Turbulent Shear Flow, Cambridge 
University Press, London, 1956. 

20. Batchelor, R.K., The Theory of Homogeneous Turbulence, Cambridge 
University Press, London, 1959. 

21. Lin, C.C., "Statistical Theories of Turbulence," Turbulent Flows 
and Heat Transfer, ed. Lin, C.C., High Speed Aerodynamics and Jet 
Propulsion, Vol. 5, Princeton University Press, Princeton, N.J., 
1959, pp. 196-253. 

22. Lumley, J . L. and Panofsky, H.A., The Structure of Atmospheric 
Turbulence, Int erscience Publishers, New York, N.Y., 1964. 

23. Lumley, J.L., St ochastic Tools in Turbulence, Applied Mathematics 
and Mechanics , eds. Frenkiel, F. N. and Temple, G., Vol. 12, 
Academic Press, New York, N.Y., 1970. 

24. Monin, A.S. and Yaglom, A.M., Statistical Fluid Mechanics: 
Mechanics of Turbulence, Vol. 1, The MIT Press, Cambridge, Mass., 
1971. 

25. Csanady, G.T., Turbulent Diffusion in the Environment, D. Reidel 
Publishing Co., Boston, Mass., 1973. 

26. Mickelsen, W.R., "An Experimental Comparison of the Lagrangian 
and Eulerian Correlation Coefficients in Homogeneous Isotropic 
Turbul ence, NACA TN 3570, 1955, Washington, D.C. 

27. Hay, J.S. and Pasquill, F.,"Diffusion From a Continuous Source 
in Relation to the Spectrum and Scale of Turbulence," Advances 
in Geophysics , Vol. 6, eds. Frenkiel, F.N. and Sheppard, P.A., 
Academic Press , New York, N.Y., 1959, pp. 345-365. 

28. Angell , J. K., "Measurements of Lagrangian and Eulerian Properties 
of Turbulence at a Height of 2,500 ft," Royal Meterological 
Society Quarterly Journal, Vol. 90, 1964, pp. 57- 71. 



135 

29. Snyder, W.H. and Lumley, J.L., "Some Measurements of Particle 
Velocity Autocorrelation Functions in a Turbulent Flow," 
Journal of Fluid Mechanics, Vol. 48, Pt. 1, 1971, pp. 41-71. 

30. Baldwin, L.V. and Walsh, T.J., "Turbulent Diffusion in the Core 
of Fully Developed Pipe Flow," American Institute of Chemical 
Engineers Journal , Vol. 7, 1961, pp. 53-61. 

31. Baldwin, L.V. and Mickelsen, W.R., "Turbulent Diffusion and 
Anemometer Measurements," American Society of Civil Engineers 
Transactions, Vol . 128, No. 1, 1963, pp. 1595-1631. 

32. Deissler, R.G., "Analysis of Multipoint-Multitime Correlations and 
Diffus i on in Decaying Homogeneous Turbulence , " NASA TR-R-96, 1961, 
Washington, D.C. 

33. Shlien , D.J. and Corrsin, S., "A Measurement of Lagrangian 
Velocity Autocorrelation in Approximately Isotropic Turbulence," 
Journal of Fluid Mechanics, Vol. 62, Pt. 2, 1974, pp. 255-271. 

34. Corrsin, S., "Progress Report on Some Turbulent Diffusion 
Research," Advances in Geophysics, Vol. 6, eds. Frenkiel, F. N. and 
Sheppard, P.A . , Academic Press, New York, N.Y., 1959, pp. 161-164. 

35. Saffman, P.G., "An Approximate Calculation of the Lagrangian Auto-
covariance Coefficient for Stationary Homogeneous Turbulence," 
Journal of Applied Science Research, Sect. A, Vol. 11, 1963 , 
pp. 24S.-255. 

36. Kraichnan, R.H., "Relation between Lagrangian and Eulerian 
Correlation Times of a Turbulent Velocity Field," The Physics of 
Fluids, Vol. 7, No. 1, January 1964, pp. 142-143. 

37. Batchelor, G.K., "The Effect of Homogeneous Turbulence on Material 
Lines and Surfaces," Proceedings of the Royal Society of London, 
Mathem~tical and Physical Sciences, Ser. A, Vol. 213, No. 1114, 
July 1952, pp. 349-366. 

38. Roberts, P. H., "Analytical Theory of Turbulent Diffusion," 
Journal of Fluid Mechanics, Vol. 11, Pt. 2, September 1961, 
pp. 257-283. 

39. Kraichnan, R.H., "The Closure Problem of Turbulence Theory," 
Hydrodynamic Instability, Proceedings of Symposia in Applied 
Mathematics, Vol. 13, eds. Burkhoff, G., Bellman, R. and Lin, 
C.C., American Mathematical Society, Providence, R. I., 1962, 
pp. 199-255. 

40. Philip, J.R., "Relation between Eulerian and Lagrangian Statis-
tics," The Physics of Fluid Supplement, 1967, pp. S69-S71. 



136 

41. 'Bendat, J . S. and Piersol, A.G., Random Data: Analysis and 
Measurement Procedures, Wiley-Interscience, New York, N.Y., 1971. 

42. Koper, Jr., C.A. and Sadeh, W.Z. , "A Preliainary Study of a Fan 
Wake," RM23 (PGD-FF/l)/CEM70-71CAK-WZS23, Narch 1971, 
College of Engineering, Colorado State University, Fort Collins, 
Colo. 

43. Kovasznay, L. S.G., "Hot-Wire Method," Physical Measurements in 
Gas Dynamics and Combustion, ed. Landenburg, R.W., et al., 
University Press, Princeton, N.J., 1954, Pt. 2, Art. F, pp. 219-
285. 

44. Collins, D.C. and Williams, M.J., "Two-Dimensional Convection 
from Heated Wires at Low Reynolds Numbers," Journal of Fluid 
Mechanics, Vol. 6, Pt. 3, 1959, pp. 357-384 . 

45. Sandborn, V.A., Resistance Temperature Transducers, Meterology 
Press, Fort Collins, Colo., 1972. 

46. Sadeh, W.Z., Maeder, P.F., and Sutera, S.P., "A Hot-Wire Method 
for low Velocity with Large Fluctuations," The Review of 
Scientific Instruments, Vol. 41, No. 9, 1970, pp. 1295-1298. 

47. Sadeh, W.Z. and Finn, C.L., "A Novel Hot-Wire Anemometer System," 
to be published. 

48. Sadeh, W.Z. and Finn, C.L., "A Method for Remote Use of Hot-
Wire Anemometer," The Review of Scientific Instruments, Vol. 42, 
No. 9, 1971, pp. 1376-1377. 

49. Ampex Corp., "Portable Instrumentation Magnetic Tape Recorder/ 
Reproducer," 1964, Redwood City, Calif. 

50. Pear, Jr., C.B., Magnetic Recording in Science and Industry, 
Reinhold Publishing Corp., New York, N.Y., 1967. 

51. Magrab, E.B. and Blomquist, D.S., The Measurement of Time-Varying 
· Phenomena: Fundamentals and Applications, Wiley-Interscience, 

New York, N.Y., 1971. 

52. Princeton Applied Research Corp., "Instruction Manual Correlation 
Function Computers Models lOOA & lOlA," 1969, Princeton, N.J. 

53. Otnes, R.K. and Enochson, L., Digital Time Series Analysis, Wiley-
Interscience, New York, N.Y., 1972. 

54. Merritt, G. and Rudinger, G., "Thermal and Momentum Diffusivity 
Measurements in a Turbulent Stratified Flow," AIAA Journal, 
Vol. 11, No. 11, November 1973, pp. 1465-1470. 



137 

55. Turk, A., Edmonds, S.M., and Mark, H.L., "Sulfur Hexaflouride as 
a Gas-Air Tracer," Environmental Science & Technology, Vol. 2, 
No. 1, January 1968, pp. 44-48. 

56. Collins, G. F., et al., "A Preliminary Evaluation of Gas Air 
Tracers," Journal of the Air Pollution Control Association, 
Vol. 15, No. 3, March 1965, pp. 109-112. 

57. Hewlett-Packard Co., "Gas Chromatograph 7620A Operating and 
Service Manual, Vol. III and IV," 1972 and 1970, Avondale, 
Penn. 

58. Burchfi:eld, H.P. and Storrs, E.E., Biochemical Applications of 
Gas Chromatography, Academic Press, New York, N.Y., 1962. 

59. Saltzman, B.E., Coleman, A.I., and Clemons, C.A.., "Halogenated 
Compounrls as Gaseous Meteorological Tracers," Analytical 
Chemistry, Vol. 38, No. 6, May 19~6, pp. 753-758. 

60. Pauling, L., General Chemistry, W.H. Freeman and Co., 
San Francisco, Calif., 1956. 

61. Geiger, R., The Climate near the Ground, Harvard University Press, 
Cambrid.£e, Mass., 1966. 

62. Comte-Bellot, G. and Corrsin, S., "Simple Eulerian Time Correla-
tion of Full- and Narrow-Band Velocity Signals in Grid-Generated, 
'Isotr~ic' Turbulence," Journal of Fluid Mechanics, Vol. 48, 
Pt. 2, 1971, pp. 273-337. 

63. Frenkiel, F.N., "Statical Study of Turbulence-Spectral Functions 
and Correlation Coefficients," NACA TM 1436, Washington, D.C., 
1948. 

64. Panofsky, H.A. and Press, H., "Meteorological and Aeronautical 
Aspects of Atmospheric Turbulence," Progress in .Aeronautical 
Sciences, Vol. 3, eds. Ferri, A., Kiichemann, D. and Sterne, L.H.G., 
Macmillan Co., 1962, pp. 179-232. 

65. Busch, N.E. and Panofsky, H.A., "Recent Spectra of Atmospheric 
Turbulence, "Quarterly Journal of the Royal Meteorological 
Society_, Vol. 94, No. 400, April 1968, pp. 132-148. 

66. Fichtl, G.H. and McVehil, G.E., "Longitudinal and Lateral Spectra 
of Turbulence in the Atmospheric Boundary Layer at the Kennedy 
Space Center," Journal of Applied Meteorology, . Vol. 9, No. 1, 
February 1970, pp. 51-63. 

67. Kaimal, J.C., Wyngaard, J.C., Izumi, Y., and Cote, O.R., "Spectral 
Characteristics of Surface-Layer Turbulence," Quarterly Journal 
of the Royal Meteorological Society, Vol. 98, No. 417, July 1972, 
pp. 563-589. 



138 

68. Kaimal, J .. C., "Turbulence .Spectra, Length Scales and Structure 
Parameters in the Stable Surface Layer," Boundary-Layer 
Meteorology, Vol. 4, 1973, pp. 289-309. 

69. Kao, S.K., "Basic Characteristics of Global Scale Diffusion in 
the Troposphere," Advances in Geophysics, Vol. l8B, eds. 
Frenkiel, F.N. and Munn, R.E., Academic Press, New York, N.Y., 
1974, pp. 15-32. 

70. Cramer, H.E. and Record, F.A., "The Variation with Height of the 
Vertical Flux of Heat and Momentum," Journal of Meteorology, 
Vol. 10, June 1953, pp. 219-226, 



t ( s ) 

Fig. 3.1 Hypothetical ensemble of turbulent velocity sample records {u(t)}. , 



140 

~ T, ·1· T, ·1· ~~. ·1· T, ·I· T, ~ 

(~~:; 0 ~ 
0 L----.:..) l ~_...__. ___ 1 .l ~.-....,.--_J 

~-- t(s) · 

U5(t)OWF~l4fl .... t-+-t-----t----+-----' 

(m /s} 

u4 ( t ) 0 ..,_.,.-Aa11t-+-,......t-+--+------+--------1 

(m /s} 

u1(t}QlfVli1-t. ARlU4-__. 

(mis) 

Total 
Available 

Time 
History 

Equivalent 
Ensemble 
N=5 

Fig. 3.2 Illustration of the generation of an equivalent 
ensemble {u(t)}eq from an available time 
history Tra· 



Fig. 3.3 Path lines of several fluid particles which cross the same reference position A. 



Fig. 3.4 k Illustration of the distance s8 traveled by a fluid particle along its 
trajectory and of the Taylor series expansions of the Eulerian velocities 
at a point pk on a path line. 
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Fig. 3.5 Illustration of the Eulerian velocity product formatio1 
for a single velocity component at a point on a 
trajectory. 
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Fig . 4. 2 View of the fan and f i eld site. 
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Fig. 5.4 Overall view of the Analog Data Acquisition Systems (ADAS). 
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coefficient evaluation at a particula.r .1ag time. 
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APPENDIX I 

TRAJECTORY AVERAGING OF EULERIAN VELOCITY PRODUCT AND CROSS PRODUCTS 

The Lagrangian velocity product obtained from Eq. (3.14) is 

k k r .. (s ; tA' T) lJ k k k c . . ( s B , 0 , tA+ T , tA) J , lm 

co k · k n 

L (s - sB) k k k 
+ 1 c . . ( 0, s B, tA, tA+T) n. 1,Jn 

n=l 

k k k ] c .. (O,s 8 ,tA,tA+T) , 1m,Jn (A. I. 1) 

where c .. , c. . and c. . are given by Eqs. (3.15), (3.16) and J,lm .1,Jn im,Jn 
(3.17), respectively. Trajectory averaging consists of line integra-

tion along each k-th path line from initial point 
k s8 ofEq. (A.I.I) 

k s = 0 to point 

co co 

LL 
m=l n=l 

( k k )d k r .. s ; tA' T s lJ 

k k k k 
C •• (sB,O'tA+T,tA)ds J , lm 

(sk)m(sk _ s~)n 

m!n! k k k k] c . . ( 0 , s B , tA, tA+T ) d s . ( A . I. 2) 1m, Jn 
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The Lagrangian velocity product is independent of the 

able and, thus, its line integral leads to 

k s vari-

(A.I.3) 

Integration of the second, third and fourth terms on the right-hand 

side of Eq. (A.I.2) involves only (sk)m, (sk - s~)n and 

( k)m( k k)n . 1 . h d s s - sB , respect1 ve y, 1nasmuc as c. . , c. . an c. . J,im , 1,Jn 1m,Jn 
are constants. The order of integration and summation can be reversed 

in these terms since they are independent. Integration of the second 

and third terms for specific values of m and n yields 

(A. I.4) 

and k k k k/+l 53 
(-l)n(sk)n s ~r k k)nd k 

(s - SB B (A. I. 5) (s - SB s = = k k (n + 1) 
SB 0 (n + l)sB 0 

The :fourth term in Eq. (A. I.2) is integrated by parts. One integra-

tion results in 

k 

k 
(m +l )sB 

__ n __ k_ JB (sk)m+1( 5 k _ s~)n-ldsk 
(m + 1) SB O 

k 

- - __ n_~k- JB (sk)m+l(sk - st)n-ldsk. 
(m + 1) SB O 

0 

(A.I.6) 
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This. integration by parts procedure is carried out n times consecu-

tively yielding 

(-1/ n! 
k (m + l)(m + 2)•••(m + n)s 8 

Finally, integration of Eq. (A.I.7) leads to 

(-1) 11 m!n! ( k)m+n 
(m + n + l)! sB · 

k 

jB (l)m+ndl. 

0 

The results of this trajectory averaging are substituted into 

Eq. (A.I.2) which then becomes 

k k . k c .. (O,s8,tA,tA,T) 
1, J n 

The terms on the right-hand side of Eq. (A.I.9) are exactly the 

bracketed terms ih Eqs. (3.19), (3.20), (3.21) and (3.22). 

(A. I. 7) 

(A. I. 8) 

(A.I.9) 
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APPENDIX II 

SIGNAL CHARACTERISTICS 

Representative values of the signals generated by the five hot-

wire probes prior to any amplification are summarized in Table A.II.1 

In this table the following information is listed for each probe: 

(1) the location of the probe in dimensional and dimensionless coordi-

nates, x and x, respectively (See Fig. 5.1); (2) the hot-wire anemom-

eter voltage in still air E
0

; (3) the DC voltage drop ~E caused by 

the mean velocity U; and, (4) therms value of the AC voltage e rms 
arising from the fluctuating velocity u. Note that the dimensionless 

coordinate is -x = x/R, where R = 1.52 m. 

The total voltage drop induced by the flow ~E = ~E + e was 

recorded on FM magnetic tape and, therefore, the gains of the recorder 

data tracks are also tabulated in Table A.II.l. A 100 Hz frequency 

sine wave of 1 V peak (0.707 V rms) was recorded on each data track 

before the data recording as a calibration signal. The gain of each 

track GT= 1/A, where A is the amplitude of the calibration sine 

wave after reproduction, is also tabulated in this table. 



Probe 
No. 

1 

2 

3 

4 

5 
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Table A. 11.1 

HOT-WIRE SIGNAL CHARACTERISTICS 

· Probe Location 
X X 

(m) 

15.20 10 

16.72 11 

18.24 12 

19. 72 13 

21.28 14 

E 
0 

(V) 

1.978 

1.624 

1.622 

1.633 

1.652 

tiE 
(mV) 

434 

477 

625 

513 

439 

e rms 
(mV) 

59.2 

43.4 

45.7 

41.1 

40.5 

Track 
No. 

3 

5 

7 

9 

11 

0.83 

1.02 

0.95 

1.02 

1.03 
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APPENDIX III 

EULERIAN VELOCITY CROSS PRODUCTS ESTIMATION 

The three Eulerian velocity cross products which were neglected 

in computing the Lagrangian autocorrelation are given by Eqs. (3.35), 

(3.36) and (3.37). Their longitudinal components, viz., i = j = 1 

in these three equations, are 

and 

00 (U ,)m 
IJ' 2 (X ,T) E C 1 = (m + l)! 11. 0 s 

m=l 

00 ( - 1 / CU T) n 
'!' 3 Cx ,T) L C = Cn + 1) ! 11 0 

n=l 

00 00 C -1) n CU T) m+n 
= EE -Cm_+_n_~_l..,..)_,.!-

m= l n=l 

t 
1 
s 

1 
s 

C 1, lm (x8,x0 ,,) dS, CA.III.l) 

I cl 1nCx ,xB,T) dS, s ' 0 
(A.III.2) 

J C Cx , x8 ,,) dS, s 1ITI,ln o 
(A.III.3) 

in which x0 and x8 designate points in the reference and B-point 

planes viz o, x0 and x8 are standing for x£ and b£, r espectively. 

In the foregoing equations the space-time cross-correlations are 

expressed 

and 

by 
Cl l ( XB , x , T) ' m o 

cl,lncxo,xB,T) 

c1 1 (x ,x8 ,,) m, n o 

= 

= 

T 
1 

J f 
0 

T 
1 I f 

0 

T 

= } J 
0 

c1 (x8 ,x ,t+,,t) , lm o dt' 

C 1, 1 n Cx0 ,x8 ,t,t+,) dt, 

c1 1 (x ,x8,t,t+,) dt, m, n o 

utilizing Eqs. C3.32), (3.33) and (3.34). 

CA.III.4) 

CA. III.S) 

CA. II I. 6) 
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The integrands in these three equations are the longitudinal 

components of the Eulerian velocity cross products given by Eqs. (3.15), 

(3.16) and (3.17). These velocity cross products are expressed in 

Eqs. (A.III.4) to (A.III.6) in terms of spatial coordinates and time. 
k k In other words, x0 , x8 and tare superseding s = 0 and s8 and tA' 

respectively. Next, the space-time cross-correlations are to be 

averaged over the reference plane x = S = constant in Eqs. (A.III.l), 
0 

(A.III.2) and (A.III.3). The cross-correlations at two points along 

the turbulence line can be essentially viewed as representative of all 

possible cross-correlations for any pair of points in the reference 

and B-point planes in a similar manner as for the Eulerian autocorrela-

tion. Then the area integrals in three f-terms reduce simply to 

evaluation of the cross-correlations at two points X 
0 

and on 

the turbulence line. The three sums in Eqs. (A.III.l), (A.III.2) and 

(A.III.3) are further dominated by their respective first-order space-

time cross-correlation terms, viz., by the terms obtained when 

m = n = l, Consequently, they are approximated by 

and 

3 Uc' [ du (xd; xt+c)] f (x ,) ;,; - - 2- u(x ,t) 
11 o' o 

cu ,) 2 
C 

x=xs 

6 [ du(x;t)] [du(x;t+,)] 
dx · dx x=x x=x o B 

(A.III.7) 

(A.III.8) 

(A, III. 9) 
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where use was made of Eqs. (3.15), (3.16) and (3 . 17) in terms of 

spatial coordinates and time. The overbars in these equations denote 

time averaging according to Eqs, (A.III . 4), (A.III.SJ and (A . III.6). 

The spatial derivatives which are evaluated at X = X 
0 

and 

in the foregoing '¥-terms were approximated by their corresponding time 

derivatives at the very same positions on the turbulent line in the 

usual manner. Thus, d/dx = (1/Uc)(d/dt), where u 
C 

is the charac-

teristic mean velocity scale along the turbulence line. Then the 

three Eulerian velocity cross products are given by 

'¥f 1 (xo , T) T 
::; - 2 

and 

T2 
'¥i1Cxo,T) ::: - -·6 

u (x , t) 
0 

du(x ,t) 
0 

dt 

du(xB,t+T) 
dt 

du (x , t) 
0 

du(xB,t+T) 
dt dt 

(A.III.10) 

(A. III.11) 

(A.III.12) 

The above three equations are furthermore expressed in terms of their 

respective dimensionless space-time cross-correlations according to 

(A.Iil.13) 

C (x ,xB,T), (A.III.14) 1,11 0 

and 

'¥ 411 (xo' T) "' - T62 { [du (xdot' t )J. 2[du (xdtB' t )J 2} ½ j cll,11 (xo,xB,T), (A.III.15) 
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where the cross-correlation coefficients are 

C (x ,xB,t) = 
1, 11 0 

and 

du(x , t) 
0 

u (xB, t+T) dt 

u(x ,t) 
0 

and the averaging time T = 1200 s (see Sect. 5.5). 

(A. III.16) 

(A.III.17) 

(A.III.18) 

The cross-correlation coefficients were computed for the first 

two stations on the turbulence line, viz., at 

Then the axial space separation - -X - X = B o 

x = 10 and 
0 

-X = 11. B 

1 (1.52 m (5 ft)) . 

Greater separation length would yield undoubtedly smaller cross-

correlation values. The time lapse T corresponding to this 

axial separation, i.e., l = 1 is about 0. 21 s based on Eq. (3. 23). 

For this lag time, the coefficients T/2, -T/2 and -T 2 /6 in 

Eqs. (A.III.10), (A.III.11) and (A.III.12) are roughly 0.1 s, - 0 . 1 s 

and -0.008 s 2 , respectively. 

The velocity-velocity derivative and double velocity derivative 

cross-correlation coefficients were estimated using the recorded hot-

wire anemo~eter signals. These cross-correlation coefficients in terms 

of the fluctuating voltage e(x,t) are 



and 
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e(ll,t+T) de(lO,t) 
C\ ll (11,10,T) = .• dt ' {[e(ll,t)]ted~O,tT} ½ ' 

e(lO,t) de(ll,t+T) 
dt 

Cl ll (10,11,T) = ' {[e(lO,t)]'fde(!~'t)rr 

de (lo ;'t) de (11, t .+:r) 
C (10,11,T) 

11, 11 
- dt dt 

tide(!~· t) r [ de(!~· t) rt 

(A. III.19) 

(A. III. 20) 

(A.III.21) 

The preceding three cross-correlation coefficients were calculated 

in the very same manner as used in the autocorrelation computation. 

Each signal was fed concurrently to either channel A or B of the 

correlation function analyzer (see Sect. 5.5). A RC differentiating 

circuit was utilized to obtain the time derivative. In order to 

differentiate the signals up to their highest frequencies of interest 

f = 250 Hz, a RC time constant of 38 µs was used [A.III.l]. 
m 

The resulting three first-order space-time cross-correlation 

coefficients are depicted in Figs. A.III.l(a), (b) and (c) up to a 

lag time of 1 s. This lag time range permits evaluation of the 

trends of the cross-correlations with increasing time delay in 

addition to furnishing their values at the lag time of interest 

T = 0.21 s. The magnitudes of the three cross-correlation coefficients 

are negligible as clearly indicated by their random variations shown 

in Figs. A. III.1. Their maximum values are at the most 0. 02 which is 

smaller than the possible standard deviation of the correlation 
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function analyzer output signal and therms error of the 

autocorrelation estimator. The thll..ee Eule!lJ..a.~ ve1..oc.lty cAO¢¢ pnodueb.i 

ean be funega.Jtded. Consequently, Eq. (3.38) or its axial component 

given by Eq. (6.39) supply an acceptable approximation for the 

Lagrangian autocorrelation. 
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DATA TABLES 
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1. Eulerian autocorrelation coefficient 

The five Eulerian autocorrelation coefficients data are 

summarized in Table A.IV.l. These Eulerian autocorrelations were 

obtained· simultaneously at five stations on the turbulence line 

as described in Sect. 6.3 and their computation is outlined in 

Sect. S.S. Variation of the set of five Eulerian autocorrelation 

coefficients with increasing time delay T is portrayed in 

Fig. 6.13. The Eulerian autocorrelation coefficient is defined 

by Eq. ( 6 . 2 2) 

R(T) = u(t)u(t+T)/7, 

where the total turbulent kinetic energy is u2 = R(O). In 

Table A.IV.l the variation of the Eulerian autocorrelation coefficient 

at each station on the turbulence line with augmenting time· displace-

ment T is tabulated. 

The dimensionless axial position is defined by Eq. (6.1) 

x = x/R, 

where R = 1.52 m (Sft/s). The total turbulent kinetic energy at 

each station on the turbulence line is summarized below: 

X 10 11 12 13 14 

u2 (m2/s2) 6.25 1. 81 1.35 1.67 1. 97 

u2 (ft2/s2) 67.2 19.5 14.S 18.0 21.2 

Variation of the dimensionless mean-square value of the fluctuating 

velocity u2 along the turbulence line is shown in Fig. 6.3 

and its computation is presented in Sect. 6.1.2. 
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TABLE A.IV.I 

EULER IAN AUTOCORRE LATION COEFFICIENT 

x 10 11 12 
I 

13 14 X 10 11 12 13 14 

T ii. ii. ii. R R T R R R R R 
( s ) ( s) 

0.000 1.000 1.000 1. 0 0 0 1.000 1.000 .140 .ocn .304 .349 .404 .41Q 
• 002 .926 .CJh5 .'177 .•:no .Q8'i .142 .01:n .301 .346 .403 .419 
.004 .870 • Q40 .9S2 .948 .Q63 .144 .087 .2Q6 .341 .393 .407 
• 00"' .ll24 .Ql3 • Q3 l .928 .943 .146 .082 .291 .336 .387 .401 
.008 • 7El2 .891 .912 • '110 .925 • 148 .011 .286 .336 .31l4 .3Q7 
.010 .791 .8h7 . f:1 93 .896 .903 • 150 .011 .279 .332 .3Al .391 
.012 .745 .RC.,3 • El 76 .A79 .AA'i • 152 .011 .212 .328 0 3A2 .387 
.014 .689 .836 .859 .A63 .873 .154 .011 0 26A .323 .375 .382 
.016 .666 .8?'> .842 .850 .85/i .156 .073 .264 .315 .372 .377 
.OlP .6:ie .A09 .A26 .A37 0 A4l .158 .013 .260 .312 .370 .37Q 
.020 .620 .7Q3 .Al5 .H21 • 83'> .160 .06fl .254 .306 .362 .371 
.022 ."i9?. • 779 .802 .810 .P.22 .162 .063 .248 .302 .35A .367 
.024 .578 • 763 .785 .79h .807 .164 .059 .241 .29Q .3'>5 .364 
.026 .55'> • 7"- 2 .772 .785 • 7':lf! .166 .059 .236 .296 .3"> 1 .360 
• 02fl .536 • 736 .756 .773 .7B'> .168 .o5<i .231 .292 .345 .361 
.030 .527 .728 .744 .7h4 .775 .170 .050 .228 .2QO .346 .349 
.032 • ",04 .714 .733 • 7"i5 .766 .172 .045 .223 .288 .345 .346 
.034 • 4g5 .100 .7?4 .748 .75Q • 1 74 .040 .218 .283 .33CJ .342 
.036 .476 .6P7 .712 .742 .755 .176 .031, .213 .211 .341 .336 
.038 .462 .677 .703 • 7 3:- .74? .1 HI .036 .2oci .274 .332 .332 
.040 .448 .6th .6CJ3 .724 .731 .180 .040 .201 .271 .328 .331 
.04? .434 .655 .684 .713 • 72"> .182 • 031 .203 .266 .322 .324 
.044 .411 .643 • 6 73 .701 • 713 .184 .031 .201 .263 .316 .320 
• 046 • 4 O?. .63Q .662 .hCJ3 .706 .186 .036 • l CJA .262 .314 • 321 
.04f! .3•H • h?R .t,52 • 6 'l 4 .hCJ6 • lb8 .031 .193 .2">5 .307 .308 
.050 .3AA .612 .640 .h80 .691 .lQO .026 .191 .24Q .301 .302 
.052 .370 .603 .632 .66h • 6 77 .• 192 .013 .186 .252 .2Q8 .302 
.054 .360 .SQ] .621 .6Sfl .l:>70 .194 .o?.f, .186 .252 .29S .302 
.056 .356 • 'iB7 • h 11 .6',l .660 .196 .003 .185 .252 .2QO .302 
.058 .374 .577 .6U4 .h46 .653 .198 .003 .184 .245 .287 .302 
• 060 .374 .51'.k .'i94 .640 .646 .200 .003 .184 .245 • 287 .302 
.06? .319 • 51'2 .598 .634 .638 .202 .003 .179 .235 .?85 .302 
.064 .309 .553 .S81 .625 .632 .204 .003 .173 .228 .284 .299 
.066 .305 .546 .">74 .621 .627 .206 -.001 .170 .224 0 281 .296 
.068 .295 .">35 .568 • 61 7 .619 .208 -.001 .164 .221 • 21l l .291 
.070 • 30 0 .S?4 .557 • 6 I 1 .614 .210 -.001 .159 .217 0 282 .285 
.012 .211 .<;13 .554 .601 .607 .212 -.006 .160 .?17 .?13 .284 
.074 .27? .SOB .541 .5% .601 .214 -.006 .160 .215 .26Q 0 2A3 
.076 .263 .4Q6 .536 .587 • ",<,", .216 -.006 .153 .210 .?66 .211 
.078 .258 0 48h .528· .58? .51:15 .218 -.006 .153 .205 .265 .271 
.000 .249 .475 .518 .576 • <; 77 .220 -.015 .148 .200 .2r-,2 .266 
.OA?. .254 .471 • 'i 1 0 .568 .S73 .22? -.015 .143 .195 • ;,c;c, .261 
.01'4 .230 • <+6 7 .504 .55!:< .569 .?24 -.020 .140 .192 .25', .25/l 
.086 .2?.6 • '+60 .498 .5'58 . 5 70 .226 -.020 .136 • 189 .251 .260 
.088 .221 .451 .489 .552 .559 .228 -.025 .131 .188 .245 .256 
.090 .216 .443 .481 .549 .549 .230 -.020 .125 .187 .?40 .251 
.09? .21? .437 .474 .538 .54~ .232 -.015 .120 .184 .240 .248 
.OQ4 .203 .431 .465 .530 .538 .234 -.020 .121 .180 .237 .245 
• 091, .198 .427 .458 .524 .53? .236 -.020 .121 .176 • ? .,? .243 
.OQ8 • I 84 .4?4 • 4",] .5?0 .527 • 2313 -.020 • 113 .171 .234 .243 
.100 • I 7Q .418 .442 .512 .SlQ .240 -.020 .115 • l 69 .??6 .237 
.102 • 175 .414 .443 • 50:, .514 .242 -.O?O • 111 • I 64 .??8 .233 
.104 .165 • 41 1 .429 • 50 I .511 .?44 -. 025 .112 • 161 .?? 1 .232 
.106 .161 .401 .4? 5 .492 .5 04 .246 -.02'i • 1 14 .15Q .?19 .232 
.10 8 .156 .3Q3 .419 .4B8 .497 .248 -.025 .112 .157 .213 .229 
• 11 0 .161 • :if'f, .416 .482 .486 .250 -.020 • 1 12 .154 .213 .226 
• l l;, .161 .379 .407 .475 .4A9 .25? -.025 .106 .149 .208 .221 
.114 .138 .374 .40? .4h9 .483 .254 -.025 • OCJ8 .147 .208 .220 
.116 • 138 .370 .402 .465 .475 .256 -.025 .OQ9 • I 46 .204 .?15 
.118 • 13A .365 .3Q8 .4Sf' .473 .?58 -.025 .099 • 141:S • 201 .214 
.120 .133 .3h0 .194 .4':,7 .463 .260 -.025 .092 .148 .197 .217 
• I?? • 128 .351, • 3CJO 0 4S2 .46h • ?.62 -.025 .091 .148 .1 g4 .210 
.124 .124 0 3SI .384 .444 .457 .264 -.038 .089 .150 • 1 g l .204 
.121'> .124 • 343 .382 .440 .453 .266 -.048 .086 .141 .192 .205 
.128 .142 .337 .378 .432 .452 .268 -.03A .084 • 136 .195 .198 
.13 0 .142 .338 .375 .42b .441', .210 -.038 .079 • 135 • l CJO .199 
.132 .142 .333 .373 .4?2 .440 .212 -.038 .075 .131 .lfl6 .193 
.134 • 142 .3?3 .166 .419 .428 .274 -.038 .075 • I 33 • l '16 • lg l 
.136 .110 .318 .360 .417 .428 .276 -.038 .074 .133 .1 AO .193 
.138 .091 .3n9 .351 .408 .425 .27fl -.043 .010 .128 .173 .189 
.140 .091 .304 .34Q .404 • 41 CJ .?RO -.043 .067 .129 • 173 .187 
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TABLE A. IV .1 (CONTI NUED) 

x 10 11 12 13 14 X 10 11 12 13 14 

T R R R R R T R ii ii R R 
(s) (s) 

.2AO. -.043 .Ot1 .129 .173 • 187 .420 -.041 -.059 -.014 .049 .042 

.2A? -.043 .Oh5 .126 .170 • )84 .42? - 0 04H -.065 -.012 • 048 .035 

.284 -.04A .Oh2 .123 .167 .)Al .424 -.04H -.068 -.OH, .042 .034 

.28h -.043 .Ohl .12? • l f-8 • 1 il? .421', -.048 -.071 -.017 • 042, .029 

.288 -.043 • OS9 ~ 120 .167 • l 82 .428 -.043 -.067 -.019 .041, 0 02A 

.290 -.043 .O'i4 • 11 9 ' .162 • l 82 .430 -.048 -.OM, -.0?2 • 042 .021 

.29? -.043 .oc;2 .119 • 11',0 .111 .432 - 0 048 -.06A -.022 .045 .025 

.294 -.03A .045 • 116 • l 5H .170 .4 34 -.041 -.068 -.022 .047 .022 

.29h -.048. .046 · .113 .153 .170 .436 -.04H -.066 -.019 .046 .023 

.29A -.038 .047 .112 • 14tl .110 .438 - 0 04H -.06R -.017 .042 .023 

.300 -.048 .046 .112 • 144 .173 .440 -.D4A -.010 -.019 .037 .016 

.30? -.03£' .047 .1 06 .144 .1 b4 .442 -.D4H -.071 -.026 .o :n • 018 

.304 -.043 .047 .100 • 11H .163 .444 -.048 -.068 -.024 .013 0 01A 

.3Dh -.048 .047 .097 .139 .11, 3 .44h -.04/1 -.Obh -.031 .030 .018 

.308 -.048 .047 .095 • 137 .lb? .448 -.D3 A -.D6'i -.025 .O?fi .017 

.310 -.04B .046 .091 • 132 • 1'>6 .450 -.034 -.067 -.025 .025 .012 

.31? -.048 .041 .090 .l?H .!57 .452 -.03A -.074 -.028 .025 .001 

.314 -.052 • 03 1:l .088 .130 • 1 sr, .454 -.D3H -.on -.010 .024 .006 

.316 -.05? .o:n .OA3 .1 3 1 .151 .4!>6 -. 031" -.01? -.031 • 024 .005 

.31A -.052 • 011 • 079 .129 .14/\ 0 45A -.034 -.01? -.030 .0?7 .001 

.32() -.052 • 03•0 .078 .1 2 4 • l 4c; .460 -.034 - • 01r:; -.021 .020 .006 

.322 -.057 .031 .073 .120 .142 .462 -.038 -.077 -.025 .022 .006 

.324 -.057 .0?7 .010 • 119 .138 .464 -.038 -.083 -.029 • 0 21 .003 

.32fi -.057 .O?S .071 • 120 .137 .466 -.041 -.08 3 -.037 .0?3 • 001 

.3?8 -.057 .017 .067 • 111' .131 .468 -.038 -.079 -.033 .021 -.005 

.330 -.057 • () 1 ,l .066 • 11 2 • 129 .470 -.D3A -.OH?. -.034 .O ? l -.013 

.33?. - • .057 .012 .065 .1 09 • 127 • 4 7? -.034 -.OA4 -.030 .on -.OOh 

.334 -.057 .013 • 0 t,l ,107 , 124 ,474 -.038 -.084 -.030 .0?3 -,005 

.336 -,057 • 0 J?. ,058 .10 9 ,1 23 ,476 -.D3fi -.085 -.034 .019 -,OOh 

.33A -.0!>7 ,007 ,056 ,099 , 123 .478 -.03A -.084 -,033 .017 -,009 

.340 -.057 • 004 ,058 ,100 , 1 1 9 .480 -.D3A -.091 -.034 ,OOA -.012 
,34°? -.057 - , 0()2 .054 ,099 • I 1 r, .4A2 - 0 03R -.090 -. 03'i ,007 -.015 
,344 -.os2 -,001 .054 .1 00 .115 .484 -.034 -.090 -.031 .005 -.017 
,346 -.052 -.uo? .051 ,097 • 111 .486 -.034 -.089 -.03Q .OOh -.021 
,348 -.048 - • 005 .049 , 0'>6 • 112 .4AA -.029 -.092 -.042 .007 -.022 
.350 -.043 -.007 .042 .099 .10s • 4QQ -.029 -.OQ2 -.049 .OOh -,023 
,35?. -.048 -,007 • 0 31' .1 00 .107 .492 -.029 -.089 -.045 .010 -.026 
,354 -,052 -,009 .033 .100 .100 .494 -.0 29 -.091 -.045 .004 -.021 
,356 -.048 -,010 .028 • 096 .098 .496 -.0?9 -.OQ2 -.044 • 0 04 -.032 
.]5& -.048 -.010 .025 .095 ,094 .498 -.029 -.092 -.045 o.ono -.034 
.360 -.04] -,015 ,021 .095 · • 09? .500 -.025 -,095 -.046 -.001 -.034 
.36? -,043 -.019 .020 • QQ3 .093 .502 -.034 -.10? -. 045 -.oo? -.D3 A 
,364 -,043 -.0?1 .019 .089 .087 .504 -.034 -.106 -.048 -.010 -.039 
.36h -,043 -.0?4 .016 .• OHS .01$9 .506 -.034 -.107 -.053 -,007 - • 03", 
.36A -,048 -.025 .016 .DR7 .OHS .508 -.03 8 -.104 -.054 -.009 -.035 
.310 -.048 -.0?4 .015 .083 , 08 3 .510 -.034 -.105 - • 0 5 .1 -.007 -.035 
.31? -,05? -.O?h ,olf, .OR3 .ORO .512 -.034 -. 110 -.054 -.DOA -,038 
.374 -,04A -. 026 , 0 16 • Ofi? ,071:, .514 -.034 - • 111 -.054 -.OOR -,039 
.31h -.041'< -.0?1 ,015 .0 83 , 0 78 • <; 16 -.029 -.114 -.052 -.006 -,045 
,]78 -,05?. -.0?.9 .012 .ORI . 074 .SlH -. 0 29 -. 115 -.054 - • 01 J -.046 
.380 -.os2 -.~31 ,011 .011 .074 .520 -.02s - .116 -.056 -.011 -.047 
.38? -.OS? -. 0?.6 , 0 10 ,07,c . 0 71 .522 -.029 - • 11 A -.054 - , 0 l l -,050 
,31"4 -.052 -,03 0 .0 09 . U7? , 0 71 ,524 -.02g - , 121 -.056 -.013 -.oso 
.38h -.048 -. ll32 .OO H .on ,070 .526 -.029 - , 118 -.057 -.01,c -.050 
,388 -,048 -.044 .009 • Q!,4 ,070 .528 -.029 - • l lA -.059 -.01? -.04Q 
• 3qo -.052 -,044 .OOt:< ,064 .060 .530 -.034 - .116 -.06? -.01.1 -.049 
,392 · -.048 -,043 .OOA ,065 .n53 .53? -.034 - .11 A - • 06 .1 -.011 -.04Q 
,394 -.048 -.045 .006 ,066 • 0'>3 .534 -.034 -.llA -.065 -.013 -,055 
,396 -.043 -.048 .005 .064 .053 .536 -,034 - • 116 -.065 - • 0 11 -.054 
.398 -.03k - • 041:l ,005 ,06 3 .053 .538 -.029 - • 11 A -.Of:,6 -.0)4 -.053 
,400 -,03R -.D4H .oos ,Oh3 • 053 .,40 -.034 - , 11 6 -.065 -.0)4 -.OSH 
.40? -.03 8 -.049 .002 ,0 57 .051 .54? -.014 -.llR -.D6B -.014 -.062 
.404 -.038 -.Oo.9 -.001 ,052 .054 .544 -.029 -.120 -.010 -.017 -.064 
0 40n -.D3A -,054 -.004 .050 .04h .546 -.02g - • 120 -.010 -.020 -.071 
,40R -,043 -.054 -,006 ,OS4 .047 .548 -.029 - .116 -.011 -.019 -.Oh'l 
,410 -.03A -,or:;1 -,ODA .054 • 04/., .550 -.029 - • 120 -.071" -.021 -.06A 
,41? -.043 -.051 -.DOB ,054 .042 .552 -.02'1 -.120 -.OR.4 -.0?4 -.01? 
.414 -,041 -.OS! -.011 ,054 .040 .554 -.02g - .121 -.084 -.024 -.074 
• 41 ti -.043 -.055 -.ooa .oso .042 .556 -.025 -.120 -.OB! -.026 -.075 
,41A -,048 - • 0",7 -,007 .oc;o .044 .558 -.020 - • 11 A -.08? -.024 -.078 
,420 -.043 -,059 -.014 • 04'l .042 .560 -.0_20 - • 121 -.OA3 -,024 -.079 



203 

TAB LE A. IV .1 (CONTINUED) 

x 10 11 12 13 14 x 10 11 12 13 14 

t R R R R R t ii R R R R 
(s) (s) 

.'ihO -.0 20 - .1 ? 1 -. Otl3 -.0 2 4 -. 0 1q .7 00 -.OIJ -.1 33 -.1 22 -.O Ah -.134 

.'ih? - • 02':- -. 1?0 -. 082 - • 0?.'1 -. OHO .7 02 -.Ol h -.132 -.1 2J -.OA4 -.1 3 7 

.5h4 -.O?S -.1?3 -.081 -.0 30 -.07H .704 -.017 -.133 -.127 -.092 -.13A 

.'i6h -. 02c, -.1?7 - • 08 l -. 03h -. 01q .7 0 h -.011 -.134 -.1 28 -.oq 2 - • l 3R 

.'ih8 -.02c. -.1?7 -.0 8 1 -. 03? -. O<lO .70H -. 013 -.131 -. 1 ?fl -. oqo -.138 
• 'i7 0 -.0 2G -.1 ? 7 -. OAl -. 039 -. 084 • 710 -.01 2 - • 131 -.12A -.0 89 -.14h 
.'i7? -.02 q -. 1211 -. 083 -. 034 - • Otl 4 • 712 -.017 -.12h -.1 2H -. 001 -.14h 
. 574 - • 02S -.l ?H -. 083 -. 036 -. OH 4 .714 -.017 -.1 25 -. 130 - • oqo -.14 6 
.57h -.02q -.13 2 -.0 83 -.0 3H - • 0 f:l 7 .71h -.013 -.126 -.130 -.093 -.145 
.'i78 -.029 -. 13 1 -. 083 -.D3H -. 08 7 .718 -.01 6 -.125 -.130 -.oq2 -.145 
.SAO -.OOh -.13 2 - 0 0'l 7 -.04 2 -. 09 4 .72 0 - • 0 l 'i -.127 - .1 2 7 -.091 -.145 
.5A2 -.020 -.135 -.091 -.04 2 - • 0'13 .7 22 - • 0 11 -.134 -.127 -.004 -.14':, 
.5A4 -.020 -.1 311 -.091 -. 042 -. o-.J .7 24 -.011 -.131 -.130 -.o q5 -.145 
.'iA6 -.025 -. 134 -. 087 -.cJ3-. -. 092 .7?6 -.007 -.127 -.1 31 -. oqo -.14 8 
.SAA -.02'i - • l 41 -.092 -.043 -.093 .7 2A -.006 -.1 25 -.130 -.oq 5 -.14 8 
.5qo -.02q - .135 -.0 94 -.046 -. 0 47 .730 -.OOA -.124 -.134 -.OOA -.149 
.592 -.020 -.1 32 -.095 -. 0411 -. 098 .73 2 -. 0 1 2 -.1 25 -.1311 -.101 -.147 
.'i94 -.025 -.1? 9 -.0 95 -. 04:J -.0 9H .7 3 4 -. 012 - .121 -.139 -.Oq8 - .141:l 
.Sqh -.O?'i -.l ?A -.09A -.0 43 - • 041:l • 736 -.OOA -.1 20 -.135 -.O 'l'i -.147 
.5q11 -.02'i - • l ?9 -. 09A -. 04A -. 048 • 73A -. 013 -.122 -.l3A - • 091', -.14 8 
.600 -.02'i -. l?'I -.09H -. 04H - • O'IA .740 -.012 -.119 -.13S -.oq 2 -.14 8 
.602 -.02 5 -.1 32 -. 098 -. O'iO - • 09 1:l .742 -. 013 - .121 -.133 -.09 0 -.14 8 
.'104 -.02 6 -.1 32 -. 099 - • Q':,Q -.1 03 .7 44 -. 013 -.1 21 -.133 -.OA A -.14 8 
.6Dh -.025 -.1 33 - • l O 2 -.o 'io -.1 03 .746 -.013 -.12? -.134 -. OR4 -.14 8 
. bOR -.02h -.l:B -. 09A -. O'i4 - • 091:l .74 8 -. 0 1 2 -.1 21 -.13 3 - 0 0 A4 -.147 
. 6 1 0 -. 021', -.1 36 -. 098 -. 054 -. 099 .7 50 -.on -.119 r o l 35 -.001 -.144 
.61? -. 0,;'h -.137 -.1 03 -.054 - 0 09R .752 - • 0 l 'i - • 119 -.l3'i - 0 0R 6 -.14 8 
.614 -.0 26 - .136 -.1 06 -.0 5'i - • 10 1 .754 -.OlA -. 115 - .135 -.OR3 -.14 3 
.fill', -.026 -.13 2 - • 1 Of> - • O'ib - • 1 02 .756 -.02 2 -.114 -.142 -.O RO -.14 2 
.61R -.0?1 -.D O - • l OS -.O c,h - • J 02 .7 5A -. 021 -.119 - 0 13 A -.O HO -.144 
. 620 -. 020 -.1 2 7 - • 1 I 3 -. Ohl -.1 03 .7 60 -. 020 -.llh - .138 - 0 0 R4 -.14 5 
.622 - • 02c;. -.1 27 -.l OQ -. 065 -. l !J7 .7 62 -. 02? - .114 -.14 0 -.O A4 -.14 5 
.624 -.0 26 -.1 34 -.11 0 -. Ohb - • 101:l .764 -. 0 1 3 -.11 3 -.141 -.OR4 -.144 
. 626 -.O?h -.1 34 -.10 9 - • Ot:>k - • 108 .7b 6 -.013 - • 114 -.141 -.OA4 -. 14 5 
. 62A -.027 - • l ?7 - • 1 O"> -. 0 71 -.1 08 • 7 68 -.OOH - • 114 -.142 ---084 -.144 
.630 -.022 -.l 2A -.1 0 7 - .07 3 -.11 0 .770 -. OOH - • 111 - 0 13H -. ORfi -.1 45 
.63? -.0 2? -.1 ?7 - • 09g -. 073 - • I 11 .77 2 -. 01) -.109 -.141 -.OAQ -.14 5 
.6 34 -.03 0 - • l 34 -.1 02 -. 071 - • 111 .774 - • o 1 tl -.11 0 -.13A -.ORq -.147 
.631', -.02h -.1 33 - • 101 -. 071 -.114 • 77f> -.OlA -.110 - • l 3'i -.O"l9 - 0 l4 A 
. 6 38 -.020 - • 131 -.1 01 -. 0 72 - • 11 'i • 77A -.017 -.109 -.133 -.OR3 -.14 9 
.640 -.OlA -. 1:13 -.1 04 -. 073 -.11 6 • 7 !10 -.UlA -.10 9 -. 133 -.ORh -.150 
.64 2 -. O?O - • 13 7 -. 106 -.074 -.118 .782 -.017 -.109 - • l 3fi -. 086 -.15 3 
.644 -.on -.1 39 -.107 -.0111 -.11 6 .784 -.01 2 - .104 -.13H -.oq3 -.l5S 
. 646 -.021 - • I 3"1 - • 1 01:> -. 0 7 A -. 120 • 7tl6 -.012 -.1 04 -.1 3h -.Ofl l', - • 151 
. 64A -.0 23 -.1 3~ -.1 0s -. 07 4 -. l?O .788 -.016 -.104 -.139 -.oqo -.150 
. 650 -.017 -. l3f. -.107 - • 0 74 -. 122 .1qo -.O?O -.106 -.135 -.OA 6 -.151 
.65? -. 023 -.1 3H -.1 oq -. 0 71:> - • 1 i:' 'i .7 92 -.0 20 -.100 -.1 3'i -.OR3 -.149 
. 654 -. 02h - • l 4S - • 11 0 -. 077 -.l 2 A • 7 g 4 - • o I fi -.10 0 -.14 2 -.OA 3 -.14 9 
. 656 -. 025 -. 137 - • I l 0 -.074 - . I 2 '1 .7<ih - • 016 -.09'1 -. 141 -.01n -.149 
. 65H -. 02? -. LU< -.11 2 -. 0 79 - • I 2 7 0 74H -.013 -. oqq -. 144 -.0 1>3 -.14 9 
. 6h0 -. 02? - • I :'lh -. 11g -. 0 77 -. I 27 . ROO -.013 -.oq q -.144 -. O"l3 -.14h 
. 6h2 -. 026 -.1 33 -.11 :, -.0 7f• - • 1 J l • 80 2 -.011 -.100 -.144 -.OR 3 -.14 6 
. f,64 -.0 211 - .l <b -.11 6 -. 0110 -.I D • tl0 4 -. 014 -.10 0 - .145 -.O R4 - .14", 
.',hi, - • 02,: - • 1.11', -. J i b -. t,HO - • 1 .J4 0 R00 -.0 2 1 -.I OI -.144 -.O R3 - .14 6 
. 66A -. on - • l lh - .J lh - • 01;u -.12 8 . HOR - .O i'O -.100 -.14h -.OA4 -.l4b 
• h 7 0 -. O?O - • 13h - • 11 7 -. !lH3 - • 13? . illO - • o I 1, -.1 0 1 -.144 -.084 -.l4 b 
. 672 -.017 - .137 - • 1 I 7 -. OR3 -. I 34 . 81 2 -.01 0 -.100 -.144 -.079 -.15 3 
.674 -.021 -.1 3 7 - • I 1 h - • Of\O -. J:14 0 11 14 -.013 -.104 -.144 -.080 - • J 4q 
. 6 7A -.020 -.13 2 -. 1 1 7 -. 0,<3 -.1 38 . Hl6 -. 0 15 -.101 -.14 0 -.07 9 - • 14 9 
.67R -.013 - • 131 -. 117 -. OA3 -.1 33 .HlR - • 0 I A -.101 -.1 3 7 -.0 83 - .14 q 
.680 -.010 -.131 -.1 2 1 - • OAb -.) 34 .R ;>Q -.01q - • I 04 -.) 3h -.ORO -.144 
.682 -.OO !< -.13 2 -.1 23 -.Of< J -.)3 3 . 82 2 -. Ol A -.105 -.137 -.O A3 - • I 4c; 
.684 - • 0 11 -. 13fi - • 118 -. Oli4 - • I 31 .A 2 4 -. 0 10 -.1 05 -.1 38 -.O R3 -.144 
.6116 - • o I O -.D I:! -. 11 2 - .07 9 -.l.31 . 826 -. OlA -.106 -.139 -.OA4 -. J 41 
.688 -.006 - • 1 3':> -. I 19 -. ORO -.132 .A28 -. 020 -.105 -.138 -. 0 79 -.14 2 
.690 -.00 9 - .1:18 - • 11 6 -. 083 -.13 2 .R30 - • 02'i - • 104 -.1 39 -. 0 1q -.1 3A 
.,;q2 - • o I 2 -.1 39 -.117 -. OF<6 - • 13?. . B32 -.0 2 1 -.101 -.140 -. 0 7 6 -.1 3A 
.f,94 -.013 - .1 3/l -.1 I 8 -. IJ84 - .1 34 .8 34 -.ou, -.1 04 -.1 3 7 - .077 -.139 
.696 -.011 -.1 32 - .1 I 7 -.087 - • 134 .8 36 -. 01A -.10 3 -.137 -.077 -.1 38 
. 69A -.007 -.1 31 -.119 -.0 85 -.1 33 .R 3A -.OlA - • 10 h -.143 -.074 - • 1]9 
.7 00 -.01.1 -.1 33 -.1 22 -.O Hf, - .1 34 .840 -.017 -.107 -.145 -.074 -.1 3 7 
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TABLE A . IV . l (CO"lT! t-.UED) 

x 10 11 12 13 14 x 10 11 12 13 14 

R R R R R T i\ i\ ii. ri i\ 
T 

(s) ( s) 

• R4() -, 0] 7 -.l n7 - .14c:-, - . 0 74 - • 117 • 'l80 -.0 2 1 -.07h -. l l f, -,O Ah -.l3R 
.IJ4? - • 'J I 3 -. 109 - • l 45 - • o >< 1 - • l .l'i • <.;>;2 -.02 1 -.077 -.116 - • Ok<; -.1 38 
.ll44 -. 0 11 - • 11 0 - • l 46 - .OK l - • 13 "l .9t14 -,011:l -,071', -, 123 -,OIJ R -,1 38 
.ll4h -,017 - • 112 - , l 4h -. OH ! -.133 ,9kh - • 0 l 'i -,072 -,117 -,ORA -,13R 
• 84/l -, Ol R -.119 - • l 3fl -.()74 -,1 33 • 988 - ,O l 'i -.07 0 - • 11 7 -. 093 - , 1 34 
, A'i O -,0? 0 -. l 1 'i -.13A - • 0 7 3 -.]34 • <.;90 - ,O l h -,071 - .11 h -,0 90 -,1 3 9 
.ll"i? -,0] 9 - • l 14 - • l 1'l -. 072 - • 1 3c; ,992 -,O;>) -.O h7 -.117 -,OR'i - .137 
, RC,4 -, DJ<, - • 11 l - • l 44 - .072 -,135 ,994 -.0?2 -.065 -,ll'l -.Oll4 -.1 3 7 
.ll51, -. 0 19 -. 111 -. 14/l -. 072 -,1 3 4 • 99h -. 024 -.062 -. 11 6 -,OR9 - , 137 
.RSR -,OlQ - • 1 1 1 - • l 41:i -, 072 -,139 ,948 -.021 -,062 -,115 - • O!'!Q -,138 
• Bf> O -.O?O -.112 - , 1 4C, -.07 2 - • 143 1.0 00 - .021 -.062 -, 11 S -,OHQ - , l 3 A 
0 R6? - • o;,o -.1 09 -.14 K -. o 11 - • 1 jQ 1 ,0(;2 -.0?2 -.063 -, 11 7 - • OQ0 -.1 38 
.Rh4 - • 0 1 'i - , l 1 1 - • ] 48 -.0 73 -.]41 1,0 04 -.UlR -.01,5 -,117 -.OR9 -,11 9 
,A h6 -.01 0 -,1 0 7 - • 15 l -. 0 74 - , l 41 l, OO h -,Olh -,D6? -.112 -.040 - • 134 
. AhR -.Ol h -,1 05 -,1 50 -.01h - , 140 ],O OH -.022 -,D62 -.11 0 -.OR7 -.132 
.870 - • 0 l c; - • 1 Of> - • 1 ",Q -.0'1 3 - , 14 l 1, 0 l 0 -,02:l -,063 -,10 9 -.O 'lh - • 1 31 
,A7? -.O?l - • l n 1 - • 150 - • (JR 0 - • 14 l 1 ,012 -.0;:>4 -.D57 - • l 1 0 -.O R7 -.128 
,R74 - .Ol<l - • 1 00 - • 15<' -. (Jl,.(t:, -. 14] l • 014 - ,Ul>l -.'059 - , 11 0 -.O R3 -.1 26 
. ,n ,; -. 020 - , 1 0 l -. 1 ",2 - • ()P4 - • 1 3-l 1,011, - .0?0 -. 1l63 - • 11 0 -.0 '14 -.127 
,87 A -. 0?4 -. 10 1 -. 149 - ,084 -. 1 n l, 0 18 - , O 1 Ii -.061 -.11 0 - 0 0 R7 -.128 
,ARO -,0;,4 - • l nc, -,]49 - , OA4 -,13R 1. 020 -, 0?2 -.tl62 - • 111 -.0 90 -,1?7 
0 RR? -, O?'i - • 11 Q - • l 4Q -,OMn -.137 1.0 22 -.0?2 -.06? - , l l J -. 090 - .1 36 
.RB4 - , 111 A - , l 09 -.14 'i -,O Rn - • l "lK l.024 -.o;:,o - . 0 61 - , l Oh -.092 -,131 
,ARh - • 01 3 -.1 0', -.14 "> -. ORJ -,J JS 1,026 - .on - .Oli 1 -.10 6 -.092 -.135 
.SBA -.n u - , 11 3 -,] 4h -. OR3 -. LJ4 1,0 2 8 -, O?J -. 0 63 -.107 -.o cn - , 1 35 
,R90 - • n 1 l -,11 3 -,14] - , lirl O - , 1 2>-\ 1, 030 -.0 2,; - . 06? - , 11 0 -.0 92 - • 1 3 4 
.89? -,007 -.10 ~ - • l 39 -,OR3 -,l?M 1,0 32 -,027 -.057 -.]0 9 -.090 -.134 
. fl94 -.OD -.1n1 -.1 34 -. OR', -,1 31 1 ,034 - • 031 - .057 -.110 -.090 - • 1 3 1 
,R'lh - , 0 1 l - , 1 0" -,]41, - . 0>-\3 -.132 l . ,o 36 -.033 -.056 -,1 0 7 -. 0'11 -.131 
,R9R -. 0 1 0 - , l n .. - , 14/i -.07 9 -. l 2fl l .OJK -.030 -.OSh - , 11 0 -.0 89 - , 13:1 
• QO n -,O J;> - • l O'i -.1 42 -. ORJ -.lr'7 l .040 -.oz<; -.053 -.109 -.0 90 -.1 34 
,90? -.014 - • l 0 0 - . ] 39 - , OR3 - , 12'1 1 ,042 -.021 -,054 - , 1 On -.0>-1 9 -.141 
,9 04 -.0 24 -.101 -.]3R -. ORli - , 1 26 1.044 -.027 -. -052 -.107 -.090 -.139 
,90h -.0?4 - , 1 00 -,]4 h -, OA'> -.1 26 1.04b -.026 - . -O S'i -. 110 -.O ll7 -.1 3 7 
. 908 -.025 -,OQ 'l -.]4f, -, 0 77 -. 127 1. 048 -.021l -.04R - • l Oli -,090 -.133 
• 91 0 -. 0?4 -, 09H - • 1 3Fl - .074 - • l 2 '1 ], 050 -.0 ?5 -.046 - . 104 -. OR4 -,133 
,<ll2 - , •1,'4 -.095 - . l Jf, - • 0'1 l -.]"ii 1 .052 -.021 - 0 04R - • I 03 -.O R4 -.13 3 
,914 - • 0;>5 -,O<l6 -,1 36 - , 0 7'1 -. 1 3.1 I, ()",4 - , 0 l 7 -,048 - • l O 4 -,OR4 -.1 34 
,9lh -,0?0 - • 09 l - . 1 3 7 -, OKO -.] 34 l , O'if, -,017 -,049 - • l O 3 -.OA3 -.133 
.91 H -, 021 -, OA9 -.1 34 -. OH7 -.131 l • 0':iH -.017 -.042 -.104 -,O R4 -.135 
,9?0 -. 01 4 -. 0~9 - • ] 34 - . flR4 -,13 3 l . 060 -,OlG -.04 1 -.104 -.O At, -.1 39 
,9 2? - , 0 11 - ,OA9 -.1 33 -.084 - , j Jf, l. Ob?. -.014 -.041 -.09R -.O<l3 -.1 3A 
,9?4 -. OIK -, ORA - • I 32 -,Okh -,1 2R 1. Oli4 -.024 -,0 46 -.09', -.09? -.1 3 7 
,9 ? h -,0?4 -,OR7 - • 1 3 l -,OR O - • l 2 7 1. Q'il, -,024 -,040 -.09', -,O R9 -.1 34 
,928 - .0?4 -,lllH -.] 2K - • Oll 2 - .1 2R 1. 01,A -.021 -.041 -. 099 -,OR I, -.1 36 
,930 -. 0?4 -.OA4 -.126 - ,OR3 - • l ?. 7 1 .010 -.020 -.04] -.09K -.OA9 -.1 3/i 
.93? - . O?O -.O B7 -.1 2s -, IH!J -,] 2A 1, 0 7 2 - • 0 l,; - . 03 6 -.094 -.089 -.1 29 
, 934 -,O]H -,C,R4 - , 1 2 7 - , ()Al - • I ·14 l.074 -,011 -,034 -.ocis -,04? -.1 32 
, 93/i - , O?O -, 0 1<3 -. l ?6 -, OA J -,134 1 . 0 76 -.O P - . 034 -,094 -.04? - . l ?A 
,93R - ,0?1 -.o~, -.] 2 7 - • ()<.;0 -.134 1.07A -.0 07 -,OZA -. 09h -.OAh - .1 30 
,940 -. Ol>< - • 1/7'-I -.13 0 -. OHR -. l 34 J.OllO -.OOR -.030 -. 09', -.O R7 -.1 2 7 
,94? -,OIM -.071 -. in - • Q,-l<.; -,137 ],O K2 -.009 - .032 -,091l -,OAb -.1?9 
, 944 -,Ol>l -,077 -.] 2R -, ()fl'-1 -,1 3H l, OH4 - , 014 -.029 -.09 R -,O Rh -.13? 
,94h -. 0 l 4 -. 0 77 -. 1 2 '1 - • OH"> - • l J<; 1,086 -, 007 -.0?9 -, 09'::, -. OA1 -.1 33 
, Q4f' - • 0 l fl -,077 - • l ?6 -.O K) -, I 3<l 1, 081:l -. O 1 I -.029 -.09 '3 -.OR4 -.13 3 
• gt,O -,017 -, 07K - . 1 ;:,c; -. OH4 - , 1 39 1 , 090 -.013 -.031 - • OH<.; -.o ,;o -.1 ?9 
.95? - • 01 c; -. 0 77 -. l ;,c; -, OR4 -. 140 ].0 92 -.013 -.031 -.OBh -.079 -.128 
.954 -.011 -,07n -.1 25 - .ORO -.140 1.094 -.01.1 -.OJA -.OBR -,ORO - 0 12A 
,9'if: -. 017 -.079 - , 1 2 1 - .ORO - , ]4 l l.096 -.010 -.030 -.0 8 7 -,OAO -.131 
. 9'iR - ,OlA -.079 - , 120 -. ORO - , l 4() 1. 09H -,003 -.032 -, 089 -,O R3 -.131 
,96 0 -,0]9 -.07 9 - , 1 2 1 -. fl'14 - • 139 l. l 00 -.OO 'i -.0,2 -. 08 7 -,079 -.128 
,<lh ? - ,0?? - • 07 7 -.1 2 1 -.OR 3 -.1 39 1 .102 -.00 2 -.031 -,087 -, 0 77 -.13? 
.964 - • o l ci -.071-i -.1 ?3 -.OA4 -.]41 1.1 04 -,007 -.03R -.089 -.07A -.133 
,9hh - • 019 -.u11 - . 1 2'i -,OKJ - . 141 1.1 06 -.002 -.031 -.ORA -. 0 77 -.133 
,96 8 -.02'i - • 07r.; - . l 2'i - , OFU -.]40 J. l OA -,002 -.02c; -. 08 7 -.074 -.1 36 
.970 - • 0 l Q -. 07'1 -.1 23 - , OA3 -. !]9 1 .110 - , 0 02 -,O?'i -. o,n -,074 -.131 
, 9 7? -,0?0 -,OAO - . 122 -, 0'<4 -,1 40 1.11 2 0 ,000 -.O?'i - • QA':, -.077 -.132 
,974 -,Olk -,OR O - . l 2 1 -,0 M4 - ,] 19 l, 114 - • o o;, -.02c; -,087 - 0 0RO -.]?7 
,971, -.020 -,0 77 - . 123 -, OB7 -.13 9 1 , 11 6 .002 -.022 -.OA7 -.OAO - .127 
,97 1'1 - • 02 I -,01h -.117 -. 0'14 -,] 34 l , 118 -. 004 - .024 -.OBh - .ORO -.127 
, 91<0 -,O ? l -,07 6 -.116 -. [Jl<f, - , UK l. l ?O -.001 -.on -. OHli -.O AO - • 128 
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TABLE A. IV. 1 (CONTINUED) 

X. 10 11 12 13 14 x 10 11 12 13 14 

T R R R R R T ii. ii. ii. ii. ii. 
(s) (s) 

1.12 0 -, 00 1 -. 0?7 -. O!lf> -. OflO -.1 28 1. 260 -. 013 -.010 -.058 -.Ofi7 -.086 
1.12? ,003 - , 0 l '-i - .0&7 - • U 7'-i - • 12!:< 1. 262 -. Ol 'i -.009 -. 053 -.06A -.OR! 
1.124 .001 - • 0 I 9 -. 01:17 -.Ofl2 -.!JO I . 264 -.Ul R -.010 -.0 6 1 -.071 -. 08 7 
1.1 26 .ooc; -. 014 -.0 87 -. 0 7 3 - • 1 26 1. 266 -. 021 - . 00 1 -.054 -.0 6 7 -.0 8 7 
1.1 ?8 , 003 -. 0 1 2 -. 083 -. 0 74 -.1 23 1. 268 -. 023 -.01 0 -. 053 -.01 0 -. 086 
1. 13n ,OO"i -, 00 '1 - • O<JO -. 07? -.1 24 1. 270 -,Ol fl -.009 -.053 -. 065 -.0 86 
I .11 2 ,0 06 - • 0 I U -.0 >13 -. 07 1 - • 1 l 7 1. 2 72 -. 02 1 -.006 - • O"i3 -.O A3 - .OA6 
I • I 34 .005 -, 0 1 2 -.O AO -,Oh>l -.1 20 I. ? 74 -. 021 -. 009 -.057 -.OA'i -. 081 
1 .13 6 . 004 -. oo<i -. 0 7 8 - • 06"> - • 116 1. 2 7 6 -. 020 -.011 -. 05 9 -. OA3 -.081 
1.13A • o o I - , 0 l 2 -. 083 -. 0 71 - • 11 5 1. 2 7 8 -. Olfl -.013 -. 05fl -.0 6 2 -.OR 2 
1.140 -.001 -. 006 - • 08 1 -.0 69 - • 11? 1. 280 -.0 20 -.009 -. 0 56 -.067 -.07 8 
1. I 4? -.0 0? -. 004 -.077 -.07<! - • 109 l. 2H2 -.0 23 -.011 -. O"i3 -.oi:,1 -.0 79 
1.144 -. 00 1 -. 007 -. 07P. -.074 - .112 I .?.84 -. 022 -.017 -.054 -. OAR -.079 
1.146 -, 004 -.004 -. 0 7 8 -,071 - • 11 7 1 . 286 -.0 21 -. 012 -. 05 1 -. OA 7 -. 0 7 5 
!.l4R -.004 -. 002 -. 071 - , 0(:, 7 - • I 11:> 1 . 288 -.0 22 -.01 2 -,048 -.067 -.0 7 5 
1. 15 0 -,004 -, 00 7 -. 078 -.0 68 - • 114 1. 290 -.021 -.01<; -.049 -.0 1:,1 -.0 74 
1 • J ,i? -.003 -, 008 -.01 2 -. 072 -. 1 lf:, 1, ?.92 -.017 -.016 -,051 -. 061:> - .0 74 
1,154 -,0 04 -. 008 -.071 -.uu - , 111:> I. 294 -. 0 18 -. 0 16 -,051 -.0 68 -.07 5 
I. l 'ih -.OO A - .OOM -. 072 -.077 - • I 15 1 . 29h -.011 -.01 2 -,051 -,O A5 -.072 
1 • J 'iP. -. OO<J -. 0 O'l -. 075 -. 079 -. 110 1 . 298 -.019 -.OO f, -,051 -. 066 -. 0 12 
l,lhO - • 0 1 <i -. 0 11:, -, 0 7 0 - • 01c.; -,!OR 1. 300 -.017 -.00 6 -.052 -,066 -, 07? 
I. 16? - • 0 J <i - • 0 l 'i -.0 69 -, 077 -. l lJ5 1, 302 -.01:l - , 0 O'l -,051 -,0 63 - ,073 
1,164 -.ll! H -. ~14 -. 069 -, 077 - .101 1. 30 4 -.01 6 -.011 -.05 3 -,0 6f, -.073 
1.16h -. on - • ~ l 'i -. 0 7 0 - • 0 7H -.1 03 1.3 06 - • 0 l 'i - .016 -. 055 -. 062 -.0 69 
1.16A -. 013 -. ~ 15 -.073 -. 077 -.100 1. 308 -. 0 1 2 -.010 -.049 -,On4 -. 06 7 
1. 170 -. () 11 - • ~ l 'i -. 073 -. 07'-i - ,09& 1. 310 -.01 2 -.006 -. 045 -, 064 - .OAR 
1. 1 7 ? - • 01.2 -. Nl5 -. 073 -.07 S -.O':IA 1. 3 12 -,OlA -.006 -.042 -.0 6 1 -,071 
1.174 -. 00 1 -. 1 17 -.067 -. 0 7 b -.i on 1. 314 -.02 0 -.005 -. 049 -.061 -.0 64 
1,17A -. OOfl -. l l H -.06 0 - . ORO - • 103 1. 3 16 -.0 20 -,OO"i -.042 -,05A -, 068 
1 .1 78 -. 00 7 - • 11 ', - . 067 -. 0 77 - • 1 0 0 1. 3 18 -.O H, -. 006 -,042 -.0 64 -. 0 7 1 
1 .1 80 -,00 3 - • M 12 -.063 -. 079 -.094 1.320 -.013 -.006 -,044 -,OS6 -.071 
l.lfl? -. 0 l 0 - ,i ] 2 - . Oo"i - , 07<J - , O'-J7 1. 322 -. 0 l "i -.oos -,044 -.056 -.0 68 
l.1R4 -. 007 -. 109 -. 063 -. 011 -. 09fl 1. 324 -.01 2 -,005 -.04 3 -,0 61 -.063 
1.186 -,001 - • 10 4 -. 063 -.0 74 - • 1 U l 1. 326 -.00 9 -.001 -.042 -.0 64 -.071 
l.lAR -.002 -, @08 -, 064 -. 0 77 -. 091 1,321! -, OOA .001 -,04? -,0 6? -,067 
1.190 -, 004 -. QO A -. 06 7 -.ORI -. 097 1. 330 -. 0 14 0,000 -. 042 -.010 -,066 
I .19? -. 00 7 -. ~ 04 -. 059 -. 077 - • O'l 7 1. 332 -.OD 0,000 -,037 -.06A -, 06 7 
1.194 -. oos -. 001 -. 059 -, OU - , 0'17 1. 334 -.01 5 • 00 l -.0 35 -. 0 71 -.068 
I • 191- -. ooci -. ~0 6 -. 063 -. 074 -. 09 7 1. 336 -.012 .00 2 -, 033 -.071 -. 064 
1. l 9R -, 0 1 ? -, W0 6 -. 0:,A -. 079 -. 09 7 1. 338 -. 0 18 -.0 05 -. 034 -. 0 79 -.063 
1.200 -. 0 12 -. tO h -.O'iA -.07'1 - • 0'-J 7 l, 34 0 -. OlH 0,000 -. 031 -. 0 74 -.061 
1 .20? -.0013 - • '~c, -, 05R - • 0 fJ .3 - • O'-J6 1. ) ,4;> -.017 -,00 3 -.030 -,073 -,05A 
1. 204 -. 007 -, 003 -.055 -.O HO - • O'IS l • 3.44 -.0 2 .1 -.01 0 -.030 -.074 - .058 
1 .20 6 -,OOR -. 001, -.0 54 -. OHO -.O<J6 1.141, -.027 -.001, -. 03 1 -,07? -.056 
1. 20A -. 009 -, 004 - .054 - • 08 l -. 0\lfl I. 341! -.0 23 -. 00 1 -.031 -,07 3 -.052 
1.210 -.008 -, 00 1 -. 051! -. 084 - • 09'1 1, 350 -. 021 -.010 -. 03"i -.075 -.052 
1, 21? - .0 14 , 0 0 1 - . 0':!7 -, 01'0 -, OlJ<J 1. 352 -.0 26 -.009 -.034 -.069 -.05 2 
1.214 -. 014 , 001 -, 054 - . om - • 0'1'1 1. 354 -. 03? -.004 -.0 29 -. 06 7 -.049 
1.211, -.007 -, 00? -. 05? -. 078 - • 0\1 7 1.356 -.on -. 004 -. 028 -. 0 75 -.0 49 
l . 21R -. 009 -. ijO? - • Q",4 - .077 - • O'J 7 1. 3:,8 - , 02':, - .003 -. 024 -.0 6R -. 050 
1. 2?0 -.0 0 7 • ~O"> -. 054 -. 07C/ -. 093 1.360 -.O ?O -, 001', -. 02 4 -.OhR -. 049 
1. 22? -.007 • 8 O 'i -.0 55 -.07 5 - • 1 00 1. 31:,2 - • 02 1 -,007 -, 0?2 -. OAR -,044 
1. 224 - .00 1 .li 02 -, 059 - .07tl -. O'JS 1. 364 -. 0 17 -.005 -.0 23 -,0 6 7 -.0 40 
1. 2?.h -. 008 . H2 - • Qf:,0 - .OHO - • o..;,3 l. 3b h -. 0?3 -. 00 1 - .020 -. 01:, 7 -. 039 
l. 2?R -, 009 .I OI -. 060 -, ORO -. 0'12 l. 36fl -. on -.O O'i -, 017 -.OoA -, 039 
1.230 -, 013 . 10? -.O':,'l -, 07'-i -.09 ? 1.370 -. 02? -.O Oh -. 0 11', -.0 6R -, 041 
l, 23? -, 013 , Ii 02 -.061 -, 07H - • O'-iO 1. 3 7 2 -.021 -.ooh -, 0 1 3 -.0 1',7 -, 04 1 
l ,214 -, 0 1 3 • I O 1 -.05A - .0 7 H - • Of:< 7 1. 3 74 -. 020 -.013 -.011 -.0 6 7 -.04 0 
1 .23h -.017 -. 110 1 -. 059 -. 074 -. 094 1 . 376 -.020 -. 0 11 -,008 - • 01:> 7 -,04 3 
1 .23A -,016 -, 110 1 -. OS9 -. 073 -.091 l ,378 -. OJl'l - • 0 1 fl -.0 08 -.01 0 -.045 
l.?40 -,013 0.100 -.05H -. 073 -.n ,n 1,380 -. 0 17 -.Olli -.001 -.0 6 1 -. 0 4 R 
1. 2 4? - .009 .tol -.05R - • 07"i -.09? 1. 382 -. 013 -.Olf. -.00 8 -. Oh 4 -,046 
l ,244 -,011 0 , II O 0 - • 058 -.on - .0 95 1.384 -.011 -.017 -.010 -.057 -.046 
1.24h -. 012 . 10 1 -. 055 - .ori -.OY5 1.386 -.OOH -. 0 16 -.00 6 - • Qt;<; -.045 
1. 24A -. 016 -. to l - • 051:1 -. 071 -. 0'16 1. 388 -. 012 -.Olh -.00 8 -.056 -,04 0 
l .250 - • 0 l 'i -. 005 -. 05A -. 074 - , 0'-J2 1.390 -. 0 1 3 -.OlR -,008 -. O'i 'i -.041 
1 .25? -,017 -. OO"i -.052 -. 073 -.08h l. 3'12 -. 0 1 2 - • 0 l 'i -.00 6 - • 055 -,044 
l. 254 -. 0 1 6 -, 0 ] 0 -. 05 1 -. 071 -,O':l4 1,394 -.01 5 -.016 -,005 -.05 0 -.044 
1.25h -.Ol? -. 001, -.052 -. 071 -.084 1, 396 -. 0 1 3 -.016 -,006 -.0 58 -,044 
l , 2'iR -.011 -. 00 7 -.054 -.07 2 - ,OH5 1,39& -.013 -,00 3 -.00 6 -.oc;5 -.044 
1.260 -,013 -. 0 10 -. 058 - • 01:, 7 - • Otlt:, 1. 400 -.0 13 -.001 -.006 -. 05s -.044 
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TABLE A. IV. l (CONTINUED) 

x 10 11 12 13 14 x 10 11 12 13 14 

1 R R R R R 1 R R R R R 
( s ) ( s) 

1.400 -.01 3 -.003 -.006 -.O'i5 -.044 1. 540 - • 0 l .1 -.012 .004 -.O?fl -.044 
l. 40? -.OH, -.005 -.006 -.055 -.044 1.542 -.Ol'i -.010 .006 - .0?1 -.044 
1 .404 - • 0 l 'i - • oo,i -.001 -.052 -.045 1.544 -.014 -.007 .oog -.02g -.04/l 
1.406 -.O l li - . 004 -.004 -.050 -.050 1.546 -.01g -.006 .009 -.027 -.048 
l.40R -.021 -.004 -.001 -.050 -.04g l.54fl -.019 -.005 .010 - .021 -.047 
1.410 -.024 -.024 -.013 -.O'il -.0 5 2 1.550 -.016 -.005 • OOR -.021 -.047 
1.41? -.020 -.O?I -.013 -. O'i l -.O':,? 1.552 -.02 1 -.004 .004 -.O?H -.049 
1.414 -.021 -.011'! -.016 -.0 6 0 -.047 1.554 -.023 • .oo 1 .002 - . 027 -.045 
I .4lh -.024 -.016 -.009 -.056 -.04H 1.556 -.023 - .oo 1 .004 - .027 -.043 
I 0 41A - • 02"i -.013 -.012 -.O'i5 -.045 l.55il -.023 .006 .002 -.021 -.043 
1. 420 - • O?.f! - .006 -.013 -.0'53 -.045 1. 560 -.0?.5 .001 0.000 -.026 -.043 
1.422 -.023 -.006 - • 0 l? -.O'i5 - 0 04R 1.562 -.0?4 .006 .003 -.026 -.043 
1.424 -. 02 ., -.005 -. 0 I? -.056 -. 0 43 1.564 -.026 .006 .004 -.026 -.046 
I .4?6 -.O?O -.003 -.009 - • 052 -.045 1.566 - • O?. I .006 0.000 -.026 -. 043 
l. 4?.R -.OJA - • oo ... -.008 -.05 2 -.04g l .56il -.OlR .oo, -.002 -.026 -.043 
l. 430 - • 0 1 c; - • OO"i -.012 -.oso -.050 l. ci 70 -.019 .001 -.002 -.026 - .043 
1.43? - • 01 '> - • 00" -.012 - • 052 -.048 1. 572 -.020 .001 -.001 - .021, -.043 
1 .434 -.015 -.005 -.012 -.os2 - • 04fl 1.574 -.024 .001 -.001 -.0?3 -.042 
I .436 -.OIA -.006 -.011 -.049 - 0 04R l .576 -.01g .002 -.00 1 -.023 -.041 
I .43'< -.OlH • 0 o I -.012 -.050 -.04g 1 .57il -.011:l .007 .002 -.030 -.041 
1.440 -.015 -.006 -.oog -.046 -.049 1.580 -.OlS .009 • ooc, -.021 -.03Cl 
1.442 -.018 -.002 -.001 - .04h -.049 1.582 -.014 .001 • 0 l O. -.036 -.042 
l • 444 -.023 • 00 1 -.006 -.044 - 0 04R 1.584 -.016 .007 .010 -.039 -.042 
1 .44h -. O?l - .001 -.006 - .044- -. 0 45 l.5B6 -.015 . 008 • 0 OR -.01Cl -.039 
1 0 44R -.OIR .001 -.007 - • 04 ., -.04fl l.58fl -.021 .OOA .OOfl -.040 -.036 
l. 4SO -.OlR • 00 I -.004 -.040 -.044 1.590 -.023 .013 .004 -.041 -.03fl 
I .45? -.020 .002 -.005 -.01Q -.045 1.592 -.025 .017 .006 -.040 -.038 
I .4'i4 -.020 -.001 -.006 -.0 34 -.048 1.594 -.031 .011 .oog -.03fl -.038 
1.45h -.022 .006 -.004 - . 01'1 -.048 l .• 596 -.025 .019 .009 -.014 -.038 
I. 458 -.023 .001 -.002 -.0 3 '1 -. 0 4'l I. 598 -.024 .021 .oog -.042 -.038 
I. 460 -.021 • OOti -.004 - • 1) 4 :~ -.049 1.600 -.024 • 021 • OOC/ -.042 -.03B 
I. 4h? -.020 -.001 -.001 -.044 -.04g 1. 602 -.022 .021 .oog -. 018 -.038 
1.464 -.02? .002 -.001 -.045 -.050 1.604 -.020 .023 .012 - . 03h -.038 
I .46h <021 .002 -.004 -.04/.l -.04fl 1.606 -.01g .023 .014 - .034 -.035 
1.46>1 - • 016 -.006 -.002 -.040 -.045 1.608 -.021 .024 .014 -.032 -.029 
l. 4 70 -.023 -.005 -.002 -.043 -.04g 1.610 -.021 .024 .016 -.035 -.021 
1. 4 7? -.027 -.003 -.004 -.044 -.049 1.612 -.021 .017 • 0 I 8 -.03h -.028 
1.474 -.02 5 -.004 -.008 -.044 -.050 1.614 -.025 .018 .017 :.. OJA -.026 
1.476 -.025 -.006 -.009 -.039 -.04g 1.616 -.02h .018 0 0lR -.037 -.021 
I. 4 78 -.025 0.000 -.008 -.014 - 0 04R 1.618 -.030 .021 .01g -.041 -,028 
l.4RO -.028 -.002 -.008 -.039 -.044 1.620 -.030 .023 .01g -.041 -.032 
] .482 -.025 .00 1 -.010 -.039 -.044 1.622 -.029 .021 .01g -.040 -.028 
I 0 4A4 -.027 .004 -.008 -.038 -.045 I. 624 -.030 .021 • 0 l 7 -.042 -.025 
1 .4/lh -.024 .007 -.OOR - • o:rn -.045 1.626 -.035 .021 .021 -.042 -.02 7 
l.48R -.020 .006 -.OOR -.038 -.052 1.628 -.034 .o lR • 021 -.042 -.023 
I. 490 -.018 .006 -.006 -.040 -.052 1.630 -.035 .015 .020 -.042 -.022 
1. 4gz -.015 .006 -.004 -.0 39 -.052 1.632 -.035 • 0 l fl .019 -.041 -.022 
1.494 -.016 .001 -.OOA -. 03 ':, -.047 1. 634 -.036 •. o 12 • 021 -.041 -.02h 
] .4gh -.015 0.000 -.007 - • () 3J -.044 l.636 -.014 • 0 l 'i .020 -.040 -.025 
l .4W1 -.OIi'> • 00 l -.008 -.OJ4 -.043 l.63fl -.035 •. o 14 .020 -.03fl -.026 
1.500 -.0 14 • 0 0 l -.007 -.0 15 -.046 l .640 -.036 •. 006 • 021 -.042 -.025 
1.502 -.013 -.001 -.006 -.033 -.045 l .642 -.040 •. 008 .021 -.042 -.025 
l. 504 -.Olh • 0 0 1 -.ooci -.01h -.043 1.644 -.044 ,007 .020 -.038 -.021 
1.':,06 -.Olh -.U03 - .009 -.(1 2 7 -.039 1 .646 -.044 .OOfl .024 -.036 -.028 
I.SOR -.021 • 00 l -.008 -.0 2 7 -.042 1.648 -.044 .001 .025 - • 03"i -.029 
1.510 -.020 .001 -.001 -.0 ?. 6 -.047 l.650 -.043 .007 .025 -.03h -.032 
1.512 -.02s -.005 -.OOR -.02g -.04R 1.652 -.043 .009 .024 -.040 - . 034 
1.514 -.023 -.OOH -.o o g - . 0 2 4 -.045 l.654 -.043 .010 .023 - .04? -.038 
l. 516 -.023 -.006 -.010 -.02A -.044 1.656 -.043 .010 .024 -.038 -.038 
I .51 R -.0?.A -.oog -.OOH -. O?fl -.043 1.658 -.042 ., 0 11 .021 -.037 -.033 
1.520 -.025 -.OOA -.008 -.0 2 9 -.042 1.660 -.043 • 0 I 0 .020 -.034 -.033 
1.52? - • o 19 -.005 -.010 -.0 2 9 -.043 1.662 -.040 • 0 13 .023 -.03? -.033 
1.524 - • O?.O -.OOfl -.010 -.03? -.043 l.664 -.040 .007 .023 -.O,h -.034 
1.526 -.024 -.OOH -.002 -.0 2 9 -.045 l.666 -.038 .001 .021 -.038 -.035 
l. S2R -.02? -.oog -.00 2 -.031 -.044 1.668 -.036 .012 .02 1 -.036 -.034 
l.S30 -.019 -.007 -.003 -.029 -.045 1.670 -.03>1 .,o l 0 .020 -.016 -.ozg 
I .53? -.023 - • OOfl -.01 0 -.O?/J -.048 I. 6 7? -.036 .010 • 020 - • 03"i -.027 
l .534 -.0?.1 -.008 -.003 -.029 -.04Q l.674 -.03?. .010 .020 -.036 -.021 
1.531'> -.020 -.008 -.002 -.028 -.044 l.676 -.031 .012 .019 -.038 -.OZA 
I .53A -.01g -.011 -.004 -.032 -.045 1.678 -.030 .018 .016 -.042 -.027 
1.540 -.013 -.012 .004 -.028 -.044 1.680 -.032 • 0 1 fl .020 -.047 -.0?.9 
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TABLE A. IV . 1 (CONTI NUED) 

x 10 11 12 13 14 X 10 11 12 13 14 

1 R R R R R 1 R R R R R 
(s) (s) 

l. F,8 0 -.032 • 0 l;., .020 -.047 -.029 l. t!20 -.030 • 0 1 7 • 021 -.054 -.019 
l .t,R? -.02h .018 • O?O -.043 -.027 1.822 -.030 .Olh .017 -.05S -.024 
l .684 -.027 .016 .015 -.050 -.028 l.H24 -.033 .015 .OJ A - • 065 -. 0?4 
I .68h - • 0?4 .016 .015 -.044 -.02R l,R26 -.032 • 016 • 01 7 -.064 -,024 
1.688 -,025 .Ol'i .OlR -.04? -.031 l • A28 -.029 .017 .017 -.060 -.022 
1.690 -.025 .015 .011 -.044 -.02fl l • A30 -.030 .015 • 0 I 7 -.059 -. 0?5 
1. 692 -.021, .015 . 0 15 -.044 -. 028 J .1<3? -.029 .015 .018 -.05A -.024" 
l .694 -.on .015 .015 -.044 -.027 l.H34 -.028 .016 ,011, -.058 -.0?7 
1.69h -.029 .014 .020 -.04h -.027 l 0 A36 -.02"> .017 , 0 l 'i -.05", -.027 
1.698 -.0?9 .013 ,020 -.049 -.028 1.838 -.028 .019 .OOA -.056 -,027 
1,700 -,027 ,014 ,015 -,04R -,02fl 1, fl4 O -,030 , 0 l 6 ,014 -,OSA -,0?7 
I, 702 -,029 .019 ,017 -,049 -,031 I .842 - , 0 31 ,015 ,016 -,060 -,02A 
l, 704 -.029 , 0 I 5 ,015 -,O'iO -,032 l,R44 -,031 ,Ol'i , 0 l 7 -,05H -,0?4 
1, 70h -.0?9 .018 .011, -.0'>2 -.032 I ,R46 -,025 .014 • 011 -.056 -.0?4 
l. 70A -.030 .017 .011, -.054 -,032 1.848 -,027 , 0 l 0 ,O?O -,0", ? -.022 
1.710 -,034 ,021 • 0 l 8 -.056 -,034 l, A5 0 -.0?4 ,010 ,O?O -,05!> -,024 
1,71? -.035 .021 .018 -.058 - • 0 l5 1 .852 -,023 .012 ,021 -,O'i5 -.021 
l. 714 -.031 ,0?4 .019 -.059 -,035 J.H54 -.025 .006 , 021 -.062 -,029 
I .11h -.o:n .O?l .021 -.054 -. 028 l .AS6 -,02'< • 0 05 .oz;, -,054 -.029 
l. 71 R -.0?9 .on .020 - • 0"-.4 -.027 l.R58 - • 03:'I .003 ,02 0 -.055 -,027 
l.7r'O -.025 .025 .021 -.054 -.025 1.860 -. 033 .003 .020 -.059 -,032 
I. 722 -.021 • 025 ,023 -.054 -.025 l, 862 -,032 .004 .017 -.059 -,032 
1.724 -.021 • 021 .024 -.054 -.021 l .R64 -.029 .003 ,02/J -.060 -,032 
l. 721', -.019 ,0?5 .025 -.049 -.021', 1,866 -.024 • () 0"> ,O?O - • 05fl -,034 
l.72fl -.019 ,0 24 .0 23 -.056 -.026 I .868 -.024 .002 , 021 -.oc;5 -.030 
1.730 -.0?0 .0?3 • 021 - • O"i4 -.027 1.870 -.028 .002 .021 -.054 -,029 
1. 73? -.015 • 02S .019 -.05? -.023 I• R72 -.028 ,009 .02? -.054 -.027 
1.734 -.015 .02 3 • 0 I!< - • O!'i3 -.025 l. 874 -.025 , 0 l 0 ,021 -,055 -.028 
1.736 -.013 .023 . 020 -.047 -.025 l • H76 -. 02j .003 .021 -,05A -.027 
1. 73R -.015 • 0 I 7 .014 -.049 -.025 l .A7A -.02 0 .005 • 0 21 -,059 -.0?6 
I. 740 -.Olh • 023 .OJA -.04A -.021 l,880 -,0 ?0 ,005 ,0?2 -.055 -.021 
l, 74? -.020 , 029 .0 25 -,049 -.023 1. RB? -.020 ,004 ,023 -,O'ih -,027 
1,744 -.022 ,02 9 . 023 -,054 -,02H l,RA4 -.020 ,003 ,027 -.055 -,027 
1.746 -.020 ,0?6 .0 29 -. oc;5 -.025 1,886 -. 0 2 4 -.001 .027 -,054 -,029 
1,74A -.015 • 024 .029 -,0 55 -,025 1,888 -.023 .001 ,026 -,O'i2 -.0 2 7 
I. 7SO -.015 • 0 l 'l .029 -.054 -.023 l, 890 -.019 .001 .023 -,052 -.02h 
l, 752 -.Olh , 0 19 , 03 1 -.054 -.023 l. 892 -,0 19 -.001 .021 -,052 -.034 
1,754 -,016 . 020 .0 28 -.05? -.026 l, A9 4 - , 020 -,00? , 0 1 9 -.oc;4 -,030 
1. 75fi -.017 .0?4 . 03 S -,04fl -.026 l ,89f, -. 0 }I, 0,000 .021 -,049 -.031 
1,758 -.023 ,018 .035 -.Ot;h -.026 l, 898 -.OH, , 0 0 l ,013 -.048 -,028 
l. 760 -.O?l .01 2 , 032 -,054 -,02/i 1,900 -,015 .003 ,013 -,047 -.027 
1,762 -.021 .019 .031 -,O'"i4 -.021 1,902 -,017 0,000 ,014 - , 041', -.030 
1. 764 -. OH! ,017 ,030 - , 05'-i -.026 1,904 - , 0 l fl -.002 ,015 -,049 -.021 
I, 76Fi -.015 • 0 l 7 .021 - ,OS5 -,027 1,906 -,018 -.006 ,017 -.053 -,025 
1,76A -.012 , 0?.0 .0 26 - • oc;9 -.029 1,908 -,023 -.001 .021 -.050 -.025 
l. 770 -.013 ,019 .026 -,061 -.023 1,910 -.02s ,003 .023 -,05? -.0?8 
l. 77? -,013 , O I fl • 0 30 -,05<! -.022 1,912 -.024 -.001 , 026 - , 052 -,025 
I. 774 -,013 , Olli . 021 -,058 -.023 1,914 -,01'1 -,009 • 025 -,049 -,021 
1. 771-, -.013 ,016 .026 - . oc;1< -,023 1,916 - , 0 I"> -.009 ,0?1 -.056 -,026 
1. 778 -.013 , 0 l 'I ,024 -, 05'1 -,0 25 1,91k -.01', -,006 ,027 -.05f, -,026 
I, 780 -.01? • () I'> , 023 -,059 - • 021 1,920 -.020 -.00 2 • 02c; -,054 - , 025 
I, 78 2 - • /J l 0 . 0 12 , 0 l 'l -. 059 -.0 29 1,922 -,019 -,003 ,025 -,056 -.025 
I, 784 -.012 • 0 13 • 0 1 7 -, 056 -.025 I ,'124 -,0?0 -.0 05 ,025 -,060 -,022 
1,78h -.012 , 0 18 .0 20 -, 054 -.0 23 l,'1 26 -,OH, -.oos ,026 -,060 -.021 
I. 781< -.010 • 011:l , 0 21 - , 058 -,025 1,928 -.020 -.001 , 021 -,060 -.021 
I, 790 -,Oll ,OIH .020 -.055 -.027 l, C/30 -.023 -,007 .020 -.058 -,025 
I, 79? -,013 .O?l .021 -,054 -.021 1,932 -,024 -.001 .021 -,OSR -.025 
l, 794 -.013 ,024 .024 -,052 -.021 l • 934 -,02A -. 007" • 0?. l -. O"ifl -.026 
l, 79fi -.015 ,023 .021 -.052 -.021 l.936 -,021 -.oo~ ,017 -,055 -.021 
1,798 -.015 .019 , 024 -.055 -,021 l, 93fl -,025 -,013 ,020 - • oc;i:i -,0?2 
1,800 -.015 , 0 J 4 . 024 -,055 -.021 1,940 -,02n -,015 ,021 -,054 -,026 
I.AO? -,Olh .020 .02h -.06? -,021 1,942 -.020 -.001 .020 -.054 -,028 
1 .A04 -.022 . 0 17 ,026 -.062 -,018 1,944 -.02f, -.009 ,013 -.054 -,022 
I. 806 -.023 . 0 17 , 02 1 -.056 -,OlA l, 946 -.028 -.002 .on -,05/i -.020 
1 .8 08 -.018 • 0 l 7 .020 -.055 -, 0 18 1,948 -.027 -.001 ,Qjf, -,Q5f, -.021 
J , 81 0 -.018 • 0 l 7 , 0 19 -,056 -. 0 19 1, 950 -,032 -.002 ,016 -,05 ?. -,023 
I.Bl? -.0?3 , Olh ,019 -, 056 -. 0 16 1. 952 -.03/l -.005 , 0 l fi -.05 2 -.021 
1,814 -.025 .016 .022 -.059 - , 0 15 1,954 -,034 -.002 ,01 5 -,O'i4 -.021 
I ,Alfi -.028 • 0 l 7 .021 -.060 -,OlA 1,956 -,033 -.001 ,01S -.054 -.021 
1,818 -.032 .011 .020 -.059 -,019 1,958 -,034 -.001 ,015 -.054 -,019 
1, A20 -,030 ,017 • 021 -,054 -.019 1,960 -,034 -.002 ,016 -,o5s -.020 
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TABLE A. IV . 1 (CONTI NUED) 

X 10 11 12 13 14 X 10 11 12 13 14 

t R R R R R t fl R R R R 
(s) (s) 

1 .9h0 -, 034 -.002 .016 -.0",5 -.020 2.100 -.013 -.031 -. 037 -.050 -.oos 
l.9f.? -.030 -.002 • 0 1 'i -.052 -.018 2. 1 02 -. 013 -.026 -.035 -.oso -.006 
J .964 -. 03? -.oos .014 -.04'l -.015 2.104 -.015 -.032 -.036 -.O'i7 -.008 
1. 9f>f, -.o:n -.007 • 0 14 -.048 -.OH, 2,106 -.014 -.030 -,040 -.050 -,OOP 
1,968 -.038 -.OOb • 0 11 . -.046 -.016 2,108 -.014 -.031 -.041 -.048 -.001 
1. 9 7 0 -.034 - • r;os .012 -.048 -.015 2. 11 0 -.013 -.031 -,040 -.048 -.004 
1.972 - • O:lO - • 0,02 .011 -.048 -.014 2.112 -.015 -.036 -.041 -.050 -.003 
l ,974 -.029 -.002 .011_ -.049 -.015 2. 114 -.019 -.033 -.042 -.0 54 .001 
1 ,97f, - • 0 35 0.000 .012 -.049 -.019 2. 116 -. 02? -.030 -.042 -.047 -.008 
l ,978 -.035 0. 000 ,014 -.044 -.019 2,118 -,023 -,029 -,041 -,04A -,00 3 
1.980 -.o:n 0.000 .011 -.043 -.014 2.120 -,025 -,026 -,040 -,048 -,001 
1,982 -.039 0. 00 ·0 .011 -,042 -.014 2,122 -.0?6 -,02fi -.03fi -,042 -.003 
I ,984 -.044 , 0() 5 ,016 -. 0"'ci -, 013 2,124 -,027 -,025 -,041 -.042 -,004 
l .98fi -.0 38 .006 ,Olli -,03R -.010 2,126 -,023 -.024 -,044 -,03R -.oos 
1.988 -.039 • 00·4 • 0 15 -.038 -.009 2.128 -.019 -.024 -.044 -.039 -.001 
1.99() -,038 .005 ,015 -.03fl -.009 2.130 - • 01 fl -.026 -.044 -.039 .001 
1,992 -.035 ,006 .016 -.038 -.010 2.132 -.018 -.025 -.044 -.037 .002 
1,994 -,0 34 ,005 .014 -,03h -.010 2,134 -.018 -.026 -,044 -.04r; .001 
1,996 -.035 • IJ03 .012 -.01oo -.010 2,136 -,DIA -.022 -.037 -.04 3 .002 
1.99A -.032 0.000 • 0 I 0 -, Oio2 -.010 2.138 -,018 -.021 -,044 -.048 ,003 
2.000 -.032 0.000 • 0 I 0 -,042 -.010 2, I 40 -.018 -.028 -,040 -.042 0.000 
2,00? -,028 -.003 ,OOA -.04? -,009 2. 142 -.01s -.027 -.037 -,040 .002 
2.004 -.02fi -.005 .008 -,037 -,009 2 .144 -,Olh -.027 -.035 -,036 ,005 
?.006 -,0?6 -.00] .009 -.036 -.ooh 2. l 4f. -.011 -.021 -.033 -.03fi ,005 
2.00fl -.027 -.003 .006 -.03fi -.005 2,148 -.011 -.026 -.034 -.040 • Qf)6 
?,010 -.024 -.()03 ,009 -.037 -.001 ?, 150 -.013 -.02fi -.033 -.044 • O Ofi 
2.012 -.027 -.003 • 0 11 -.039 .001 2,152 -.014 -.029 -.031 -.044 -.002 
2.014 -.032 -,008 ,003 -.038 -.002 2 .154 -.011 -.021 -,03 1 -.045 ,005 
2.0lh -.03? -.010 .001 -.039 0.000 2. 156 -.011 -,030 -.035 -,047 • 00'5 
2,018 -.029 - • 0 l l .006 -.039 -.003 2,158 -.010 -.021 -.035 -.047 .ooh 
2.020 -.032 -.014 .001 - • O.l'i -.004 2,160 -.011 -.030 -.036 -.oc,o .005 
2.0?2 -.030 -.011 .001 -.032 -.004 2,162 -.013 -.033 -.035 -.053 ,005 
2,024 -.028 -.016 -.001 -.039 -.004 2,164 -.014 -, 037 -.035 -.054 -.002 
2.026 -.028 - , 0 l 6 -.001 -.039 - • o oci 2, 16f, -.011 -,03fl -.036 -.os3 .001 
2.02A -. 02? -.016 -.002 -.037 -.010 2,168 -.016 -.041 -.040 -.052 .001 
2.030 -.020 -. 0 l 5 -.005 -.03H -.010 2.170 -.010 -,044 -,039 -.054 -.001 
2.032 -.020 -.0?3 -,005 - , 036 -.005 2,172 -.006 -.03fl -,037 -.048 u.ooo 
2,034 -.O?O -.0?3 -.005 -,041 -.004 2,174 -.004 -,045 -.037 -,04A 0.000 
?.036 -.019 -. 0?.4 -.005 -,043 -.004 2.176 -.002 -.045 -,034 -.04fl -.001 
2.038 -,OHl - • 0 2'6 -.008 -.043 -.001 2.178 -.001 -.041 -.029 -,049 -.005 
2,040 - • 0 l 9 - • 0?.2 - • 011 -.046 .001 2. 180 -.007 -.041 -,028 -,050 -.005 
2.042 -. 019 -.I)?? -.012 -.048 -.002 ? .182 -.001 -.04? -.030 -.050 -.006 ' 
?.,044 -.020 -. 0£'4 -.014 - ,04R -.001 2,184 -.011 -.045 -.031 -.050 -.009 
2.046 -.02'i -.02'6 -.014 -.049 -.004 2, 186 -.010 -.04? -.030 -.050 -.006 
2.048 -.029 -.026 -.013 -.oso -.005 2,188 -.011 -.047 -.031 -,049 -.003 ' ?..050 -.028 -.0?'5 -.020 -.049 -,OO'i 2,190 -.011 -.049 -.033 -,051 -.004 
2.052 -,OZA -.026 -.OIR -,04h -.OOF\ 2,192 -.013 -.047 -.034 -.047 - • OO"i 
2.054 -.0?7 -.03-'+ -.0 2 6 -,04 9 -.003 2 .194 -.016 -.044 -.030 -.045 -.005 
2,056 -.0?3 -,O J O -,02h -,04'1 -,004 2 .196 -.016 -.045 -.028 - .047 -.005 
?.05fl - , 0 l "i - • O? A -.0 2 4 -,O'iO -.004 2 .198 -.010 -.047 -.029 -,047 -.005 
2.060 -.018 - • 0 3- 1 -.029 -,049 -,OOh 2.200 -.010 -,047 -.029 -.047 -.oos 
2.06? -.021 -,0 2 7 - , Or.fl -, 049 -,OOf. 2.202 -,OOA -.05? -.027 -,04F\ -.005 
?,064 -.ll27 - • O?'A -.0 2 9 -,04'l -.0 09 ?,204 -.014 -.059 -.027 -.049 -.004 
2.06h -.024 -.O?H -.0 2 1 - • oc, 1 -.010 2,206 -.015 -.055 -.024 -,049 -.005 
2.06fl -.0?5 - • 02 7 -.025 -. 0 47 -.OOQ 2,208 -.021 -.05c; -.024 -.056 -.oos 
2.010 -,025 -,O?A -.031 -,048 -.012 2.210 -.016 -.056 -.023 -.054 -.005 
?.07? -, 018 -.031 -.035 -.048 -.010 2.212 -.015 -.05h -.026 -,O'i5 -.006 
2,074 -,015 - • 0):5 -.037 -.049 -.011 2,214 -,OlF\ -.Ohl -.025 -.oc;3 -.013 
2,0H, -.O? l · - , 03fi -.040 -.04'l -.012 2.216 -.018 -.061 ·-. 022 - • oc;2 -.013 
2.078 -.o?l -.015 -,040 -.048 -.012 2.218 -.015 -.057 -.022 - • 054 -.001 
?.ORO - • 0 l Fl -.o :n -.040 -.04/l -.015 2.220 -.016 -.064 -.0?6 - • O'i'i -.001 
?.082 -.019 - • u ]f, -.040 -.047 -.016 2.222 -.019 -.06? -.02c; -. oss -.001 
2.0fl4 -.017 -.033 -.040 -,04A -.012 2,224 -.019 -.061 -.0?3 -.0'55 -.00 6 
2,086 -.015 -.033 -.037 -.047 -.011 2.226 -.OHl -.058 -.023 -,O'ifS -.013 
2,0AA -.014 -.035 -.0 36 -.04fl -.007 2.228 -.OlA -.067 -.02fi -.o,;o -.013 
2,090 -.001 -,031 - • 03':i -.048 -.005 2,230 -.Olh -.0 7? -.026 -.058 -.009 
2.092 -,004 -.029 -.0 35 - . 04'1 -. 0 05 2.23?. -,Olh -,06R -. 026 -.056 -.001 
2,094 -.on -,033 -.037 -.osz -.OU'i 2,234 -.013 -.067 -.026 -.osc, -.006 
2,09h -.013 -.030 -.038 -.054 -.005 2,236 -.011 -.068 -.022 -.053 -.00 6 
2.098 -,013 -.030 -.036 -.050 -,OOh 2.238 -.013 -.067 -.029 -.050 -.004 
2.100 - , 01.3 -.011 -.037 -.050 -.005 2,240 -,014 -.010 -.021 -,049 -.001 
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TABLE A. I V .1 (CONTINUED) 

10 11 12 13 14 x 10 11 12 13 14 
X 

ii. ii. ii. ii. ii. 1 ii. ii. R R R 
· 1 

(s) (s) 

2,240 -.014 -.nu -,021 - , 04':i -,0 07 2 ,380 -,017 -,056 -,034 -,035 -,023 
2,24? -,01? -. ~ I-it\ -,026 -,047 -, 00 7 2,382 -,016 -,057 -,034 - , 0 34 -.022 
2,244 -.n11 -, ©70 -,028 -,046 - • {) 0 C) 2,384 -,015 -,056 -,036 -,035 -,023 
2,241, -.011 -, Qhl -.028 -,043 -.011 2,3A6 -,016 -,053 -,032 -,035 -,022 
2,24':l -.011 -,Q67 -,02'l -,04? -,013 2,388 -,011 -.ass -,032 -,034 -,024 
2,250 -,011 - • eh " -,02CJ -,040 -,006 2,3CJO -,014 -,056 -,034 -,036 -,024 
2,25? - , 011 -. @76 -.027 -,040 -,013 2,392 -,018 -,056 -,031, -,014 -, 0? 4 
2,254 -,010 -,070 -,02H -,041 -,013 2,394 -,010 -,057 -,034 -,031 -,024 
2,25h -,009 -,Oh7 -,028 -,041 -,Ol'l 2,396 - , 0 l?. -,058 -. 031, -,03h -,024 
2,258 -,005 -,Ohl -,028 -,041 -,Olh ?.,398 -,013 -.047 -,034 -,015 -,024 
2,260 -.002 -,@67 -.021 -,041 -,017 2,400 -,013 -,047 -,034 -,035 -.027 
?,26? -,00? -,Qhh -,02h -,041 -,018 2,402 -,011! -,047 -,034 -,03h -,026 
2,264 -,001 - • Q(:, 7 -,028 -,040 -.o lfl 2,404 -,020 -,048 -,034 -. 03"1 -,028 
2,266 ,002 -,Oh7 -,028 -,037 -,OlR ?,406 -,OlQ -,048 -,034 -,036 -,030 
2,268 0,000 -,Qh4 -,029 -,037 -,017 2,408 -,023 -,048 -,041 -,03) -,030 
2,270 , 1)01 -,Oh3 -,029 -,040 -,021 2,410 -,023 -,048 -,037 -,02A -,029 
?.,27<' 0,000 -,063 -,027 -,0 3 H -.021 2,412 -,024 -,049 -,037 -,02A -,029 
2,274 .001 -,Oh2 -,028 -. 040 -,0<'1 2,414 -.023 -,043 -,037 -,028 -,036 
2,276 , 0 O'i - • O'i 7 -,028 -,03H -,016 2,416 -,019 -,043 -.037 -.031 -.028 
2,278 ,004 - • O'i 7 -.02P. -.037 -.017 2,418 -.019 -,041 -,034 -.034 -,027 
?.280 -.001 - • Of.;> -.02h -.037 -.018 2.420 -.019 -,042 -.034 -.035 -.028 
2,28?. -,004 -,063 -.025 -.037 -.OJA 2,422 -.019 -,041 -.037 -.011, -.029 
2.284 -,OOh -,Oh4 -.023 -.034 -.021 2.424 -.019 -.041 -.034 -,043 -.024 
2,281, -,007 -,Of.3 -.023 -. Oc9 -,OHl 2,426 -.016 -.049 -.037 -,041 -.0?4 
2.288 -.001, -.06?. -,026 -,02h -,0 25 2,428 -,016 -,042 -,03? -,04? -,024 
2,290 -,005 -,063 -,026 -,0?.b -.on 2,430 - , 0 l Q -,049 - , 0 31 -,042 -,024 
2,292 -,005 -,064 -,026 -,028 -,021 2,432 -,023 -,049 -,031 -,049 -,024 
2,294 -,005 - , Of. 7 -,026 -,032 -.023 2,434 -,024 -,043 -,031 -,043 -,027 
2,29f. -,007 -,01,2 -,022 -,032 -,021 2,436 -,025 -,042 -,031 -,042 -,024 
2,298 -,009 -,oc;a -,029 -.031 -,Ol>\ 2,438 -,024 -,043 -,034 -,04 2 -.027 
2,300 - , 001, -,Qf. ;:> -,029 -,031 -,018 2,440 -,024 -,045 -,034 -,043 -,029 
?,302 -.oos -,062 -,021 -,032 -,018 2,442 -,023 -,046 -,034 -,040 -,032 
2,304 -,007 - , 01',6 -,027 -,039 -,023 ;> ,444 -.020 -,047 -,032 -,040 -,033 
2,306 -,012 -,067 -,024 -,034 -,025 i?,446 -,OlA -,045 -,032 -,040 -,035 I 
2,30A -.oos -,067 -,024 -,031 -.025 2,448 -.015 -,041 -,032 -,040 -,036 
2,310 -.004 -,OH, -,023 -,032 -.021 2,450 -.011 -,047 -,032 -,040 -,035 
2, 31? -,004 -,0 6/l -,026 -,037 -.021 2,452 -,013 -,042 -,033 -,014 -,036 
2,314 -.002 -,O'-r< -,025 -,034 -,016 2,454 -,016 -,044 -,036 -,040 -. 03'-, 
2,31/i -.001 -.067 -,022 -,031 -,017 2,456 -,Olh -,040 -,038 -,041 -,0 36 
2,31A -.002 - , Of'll -,022 -,034 -,018 2,458 -,Olli -,040 -,031:l -,03h -,0 39 
;:>,320 -,006 -,063 -,021 -,032 -,OlA 2,460 - • 0) 1, -,041 -,046 -,033 -,039 
2,32? -,OOQ -,06/l -.021 -,035 -,017 2.462 -,014 -,041 -,044 -.035 -.040 
2,324 -,009 -,073 -.021 -,03t, -,017 c,464 -,015 -,042 -,044 -,0.35 -,045 
2,32h -,007 -, OF.8 -,021 -,039 -,017 2,466 -.021 -,042 -,044 -,03h -,041 
2,32A -,007 -,D61:l -.020 -,034 -,017 2,468 -,021 -. 04,' -,044 -.o :rn -,04] 
2.330 -,007 -,06H -.020 -,035 -,017 2,470 -.019 -,041 -,043 -,031 -,040 
2.332 -.011 -,Oh6 -,020 -,036 -,018 2,472 -,015 -,041 -,043 -,031 -,03A 
2,334 -.017 -,D62 -,021 -,036 -.017 2,474 -,012 -,041 -,043 -,030 -,03Q 
2,336 -,Ol'i -, Dh2 -,Ol'l -,0 3 0 -.021 2,476 - , 0 I l -. 041, -,039 -,0?9 -,0311 
2,33A -,016 -, 0 '-4 -,026 -,035 -,017 c',478 -.011 -,051 -,037 -,031 -,040 
;>, 340 -,OlA - , On? -,021, -,032 -. 0 )f, 2,480 -.011 -,053 -.032 -,034 -,048 
;>,34? -,015 -. Dh2 -,02h -,03S -,017 2,482 -,009 -,051 -,02A -,OZA -,042 
2,344 -,013 -, 06 1 -. 028 -.0 35 - , 0 lB 2,484 -,009 -,04A -,030 -,021l -,040 
?,346 -.011 - , U'iH -. 02 7 -,0 32 -,017 2,4136 -.011 -.052 -,031 -,030 -,042 
? , 348 -.oos -, :058 -,027 -,03Y - • 01A 2,488 -,009 -. OS;:> -,026 -,029 -,042 
2,350 -,007 -, OSH -,035 -,034 - , 0 l A ?,490 -,009 -.054 -,026 -,030 -,039 
2.35? - • 0 OQ :., ,0 55 -,034 -,035 -,017 2,492 -,007 -.060 -. 028 -,030 -.041 
2,354 -,011 -,055 -.033 -,032 -,017 2,494 -,006 -.056 -. 02/l -,030 -,042 
2,356 -.010 "",0'i5 -,034 -,0 33 -,018 2,496 -.oos -,052 -,031 -,034 -,040 
?,35H -,005 -,-0 53 -. 041 -,030 -,OlA 2.498 -,004 -,054 -,031 -,028 -,044 
2,360 -,004 - , () 56 -,040 -, 039 -,0 2 5 2.soo -,005 -,054 -,028 -,028 -,041 
2,362 -,007 -, 05/l -,046 -.032 -,0 2 5 2 ,502 -.001 -,056 - • OJ;:> -,0?4 -,042 
2,364 - , Oil -, 056 -,046 -,039 -,023 2,504 -,005 -,057 -,034 -,025 -,040 
2,36h -.011 - , 0 56 -,040 -,038 -,023 2,506 -,005 -,061 -,03A -.0,1 -,039 
?,368 - , 012 -.os, -,041 -.032 -,Ocl 2,508 -.001 -,063 -.03A -.010 -,036 
2,370 -.011 -, 053 -,041 -,0 :J l -,OJA 2,510 -,004 -,062 -,03/l -,034 -,039 
2,372 -,010 - , ,o c;c; -,032 -,0 29 -,025 2,512 -.oos -,06A -,039 -.o,c; -,039 
2,.174 -.012 -,-057 -,031 -,0 30 - , o Ill 2,514 -,002 -,070 -,040 -,043 -,038 
2,37h -,011 -, 0 57 -,031 -,039 -,018 2,516 -.002 -.071 -,040 -,043 -,040 
2,37/l -.017 -, O'i6 -,0.32 -,031 -,025 2,518 -,004 -,063 -,040 -,043 -,042 
2,380 -,017 -,056 -,034 -,035 -,023 2,520 -.001 -.065 -,040 -,043 -,041 
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TABLE A. IV . 1 (CONTINUED) 

x 10 11 12 13 14 x 10 11 12 13 14 

T i\ i\ i\ R R T R i\ R i\ R 
(s) ( s ) 

;,.520 -.001 -.Of-5 -.040 -.043 -. 041 2.6AO -.ooci -.047 -.oc;s -.060 -.053 
2.c:;22 -.003 -.063 -.040 -.040 -.041 2.h62 -.ooc; -.051 -.oc;1 -.06? -.053 
2.524 -.001 - • Of., -.04fi -.040 -.03'l 2.664 -.002 -.052 -.061 - • 06'i -.055 
2.526 -.002 -.Of.8 -.040 -.042 -. 03'l 2.666 -.004 -.054 -.058 - • 06c; -.052 
2.528 -.006 -.Ohl -.038 -.036 -.039 2.668 -.001 -.050 -.056 -.065 -.049 
?.';3 0 - • 0 02 -.067 -.040 -.040 -.03'l 2.670 • 002 -.056 -.054 -.073 -.04'l 
2.532 0.000 .- • 070 -.04? -.040 -.038 2.672 .002 -.OSh -.054 -.Oh6 -.047 
?.534 ~.001 -.06'l -.04'l -.040 -.040 2 .6 74 .001 -.056 -.055 -.067 -.043 
?.536 -.003 -.065 -.048 -.040 -.039 2.676 .004 -.056 -.oss -.065 -.046 
2.c;3R -.004 -.071 -.044 -.040 -.040 2.678 .001 -.056 -.056 -.o6c; -.042 
2.540 -.002 -.065 -.049 -.042 -.040 ?.680 • o o:i -.056 -.058 -.067 -.040 
2.54? -.005 -.064 -.051 -.04? -.040 2.68? .003 -.055 -.O'i8 -.OA3 -.041 
?.544 -.001, -.065 -.051 -.048 - • 041 ?.684 -.00 1 -.05? -.OSA - • oi; I -.041 
2.54h -.007 -.Of:7 -.oso -.049 -.040 2 .686 -.001 -.051 -.058 -.063 -.038 
?.548 -.012 -.062 -.051 -.047 -.038 2.688 -. 003 -.053 -.056 - 0 01,4 -.036 
2.550 -.013 -.064 -.oso . -.045 -.OJ'l 2.690 -.001 -.054 -.064 -.OAO -.036 
2.55? ·-.OlA -.062 -.051 -.045 -.040 2.692 .001 -.046 -.062 -.059 -.040 
2.S'i4 -.016 -.061 -,058 -.04"> -.041 2.694 -.001 -,046 -,057 -.oc;1 -,038 
2.556 -. 0) C., -.06?. -.058 -.046 -.045 2.696 -.001 -.04? -.058 -.059 -.037 
2.55A -.01? -.,05 9 -.OS? -.OS? -.041 2.69B -.00? -.044 -.052 -.060 -.044 
2.560 -.014 -.oc;9 -.052 -.052 -.03'l 2.100 -.001 -.041 -.OS? -.05c; -.044 
2.562 -.011 -.058 -,055 -.049 -.040 2.102 -.002 -.041 -.054 -.056 -.044 
2.564 - • 0-11 -.060 -.054 -.050 -.040 2.704 -.001 -.045 -,054 -,060 -.042 
2.56(,, -.013 -.058 -.oss -.048 -.040 2,706 -.001 -.045 -.OSI -.059 -.042 
2.568 - • 015 -.OS9 -.054 -.048 -.040 2.70A .005 -.041 -,050 -.059 -.043 
2.570 -.014 -.Of-0 -.055 -.047 -.040 2. 710 .004 -.041 -.045 -.060 -.043 
2.572 , - • 018 - ·. 0 5 7 -.054 -.049 -.042 2.712 -.001 -.048 -.048 -,061 -.042 
2.574 -.cil8 -.057 -.054 -.045 - • 0.40 2.714 -.012 - .• 042 -.oso -,oc:;1 -.040 
2,576 - • 0-14 -.054 -.054 -.045 -.041 2. 716 -.001 - .• 045 -.052 - , oc;8 -.043 
2.578 -.011 - • oc; 1 -.oso -.043 -.044 ? • 718 -.OOh -. 051 -,050 -.054 -.04? 
2. SJJO - • 0 l 1 - , 0"' 1 -.046 -.042 -.040 2.120 -.004 -.oso -.051 -.OS?. -.042 
2.58? -.013 -.OS3 -.045 .-.045 -.040 2.722 -.005 -.047 -.OS! -.056 -.042 
2.584 -.010 -.051 -.048 -.046 -.044 2.724 -. 006 - .• 046 -.oss · -.055 -.041 
2.586 -.001 -.051 -.049 -.046 -.043 2.726 -.006 -.046 -,oss -.OSA -.045 
?.SIHl -.006 .- • 056 -.049 - • oc; 1 -.039 2.728 -.009 -.046 -.052 -.059 -.043 
2.590 -.001 -.O'il -.049 . 00 1 -.041 2. 730 -.008 -.042 -.O'iS -.Ohl -.044 
2.59?. -.010 -.O'ib -.048 -.04'1 -. 048 2.732 -.006 -.04 .1 -.054 -.OSA -,039 
2.5'14 -.017 -. 058 -.044 -. 046 -.048 2.734 -.005 -.040 -.051 -.060 -.043 
2.596 -.012 - • O"i3 -.045 -.047 -.048 2. 736 .001 -.040 -.oso -.058 -. 043 
?.59A -.011 -.oso -.046 -.048 -.048 2.738 -.001 -.045 -.058 -.058 -.046 
2.600 -.011 -.oso -.046 .- • 048 -.048 2. 740 -.002 -.045 -.056 -.05/l -,048 
2.60? -.OJ? -.047- -.oso -.04il -.049 2.742 -.004 -.045 -.ass -,054 -.046 
2.604 -.011 -.04!:l -.oso -.U48 -.049 2.744 -.004 -.044 -.054 -.061 -.048 
2.606 -.010 - •. 046 -.oso -.04b -.047 2.746 -.oos - .• 045 -.054 -.059 -.051 
2 0 60A -.010 -.047 -.052 -.048 -.048 2.748 -.007 -.042 -.051 -.058 -.052 
2.610 -.OO'I -.052 -.051 -.048 -.049 ?. • 750 -.008 -.041 -.052 -.060 -.049 
?.6li' -.005 -.054 -.OS? -.047 -.056 2,752 -,007 -. 041 -.oso -.OtiO -.049 
2.614 -.001 -.053 -.049 -. 04?. -. 04'1 2.754 -.009 -.041 -.054 -.061 -.04H 
2.616 -.001 -.054 -.04Q -. 04'1 -.048 2,756 - • 0 1 0 -.042 -,ass -.oc:;9 -.049 
2.618 -.OOh -.oss -.04'1 -.04 ? -.04'1 2.758 -.010 -.048 -,056 -.061 -.049 
2.620 -.001 -.oss -,OSI -.04 3 -. D4Cl 2.760 -.010 -.04/l -.060 -,Oti4 -.048 
2.62? -.003 -.0 53 -.051 -.04!:l -.04'1 2.762 -.009 -.047 -.063 -,061 -.052 
2.624 - .002 -.053 -.054 -.047 -.048 2.764 -.009 - .• 04 7 -.067 -.060 -.052 
;,.626 -.001 -.o,:,o -.055 -. U4<l -.04Q 2.766 -.014 -.045 -.01n -. O'i8 -.052 
2.62A -.oos -.0"' 3 -.056 - 0 04H - 0 04R ?.1hB -.014 -.04? -.064 - • O"i9 -.052 
2.F,30 - • 00", -.052 -.0 56 -.046 -.049 ?.110 -.014 -.040 -.058 -.osa -.051 
2.632 -.001 -.051 -.058 -.OSI -.04'1 2.112 -.014 -,036 -. osc; - • Oti l -.052 
2.634 -.001 -.050 -.051 -.054 -. 048 2.774 -.011 -.035 -.051 -.059 -.053 
?.ti3h -.001, .- • OS2 -.058 -.052 -.048 2.776 -.013 -.035 -.oso -.057 -.052 
2.638 -.006 - • O"i?. -.054 -.052 -.048 2.77H -.014 -.033 -.048 -.ass -.052 
2.640 .,- • 002 -.056 -.051 -.054 -.04R 2.780 -.011 -.034 -.046 -.oss -.052 
2.642 -.004 -.ns7 -.052 - • 057 -.0';6 2 .7A2 -.012 -.030 -.051 -,O'i4 -.053 
2.644 -.oos -.054 -.O'i4 -.oss -. 052 2.784 -.001 -.029 -.04'l -. 052 -.052 
2.646 -.004 -.051 -.054 -.058 -.049 2.786 -.001 -.028 -.045 -.OS?. -.049 
?.648 -.001 -.oso -.051 -.060 -.048 ?.. 7 A8 -.002 -.026 -.052 -.OS? -.043 
2 .6"i0 -.001 -.oc; o -.os1 -.060 -.050 2.790 0.000 -.025 -. 052 - 0 0'i4 -.046 
2.652 -.001 -.051 -. 054 -. 06 7 -.047 2,792 0.000 -.026 -. 05?. -.053 -.047 
2.654 -.001 - • 04!:l -.oss -.Ohl - 0 04A 2.794 • 0 0 l -.026 -.051 -.048 -.047 
2.656 - • 0 02 · -.04h -.osc; -.06] -.048 2.796 • 0 O?. -.026 -.051 -.054 -.047 
2.658 -.001 -,04'i -.OSI - • Oti 1 -.OS? 2.798 .004 - ·, 023 -.058 -,054 -.047 
?.660 -.ooci . -.047 -.055 -.060 -.053 2.800 .004 -.023 -,O'i8 -,054 -.04 7 
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TABLE A. IV .1 (COHTINUED) 

X 10 11 12 13 14 x 10 11 12 13 14 

T R R ii. R R T ii. ii. ii. ii ii. 
(s) (s) 

2.800 .004 -. !!?3 -.058 -.054 -.047 2.940 -.016 .015 -.05Q -.OR9 -.Ohl 
2.802 -.on? - • ~?l -.Oh5 -.056 -.047 ?.942 -.019 .013 -.05R -.ORH -.059 
2.804 .003 - , 81 >J -.062 -.056 -.050 2.944 -.020 .0 1 0 -.056 -.086 -.059 
2.80h .003 - • W l 7 -.061 - .062 -.050 2.94h -.021 .010 -.05? -.OR6 -,062 
2.808 • 0 01:l -.@?3 -.062 -.062 -.047 2.948 -.018 .010 -. 0':>3 -.OA3 -.063 
2.810 .008 -.Q23 -,OS9 -.068 -.047 2.950 -.013 .005 -.052 -.084 -.065 
2.81? .001 -.©2 1 -,057 -.068 -.0">4 2.952 -.011 .008 -.os1 -.077 -.064 
2.814 .001 -.G21 -.059 -.OM; -.052 2.954 -.015 .011 -.05 1 -.011 -,063 
2.816 -.001 -. ; 19 -.052 -.064 " -.053 2.956 -.021 .009 -.051 -.084 -.065 
2.818 -.001 -.Qlfl -.050 -.Ot-i3 -.ObO 2.958 -.02 1 • 0 1 0 -.049 -.081 -.067 
2.820 -.001 -.;19 -.049 -.064 -.060 2,960 -.021 .008 -.049 -.080 -.068 
2.82? -.001 -.~17 -.047 -.062 -.057 2.962 -.021 .011 -.049 -.077 -.068 
?.824 -.001 -.@1'-l -.046 -.067 -.060 2,964 -.020 • 0 11 -.047 -.ORO -.065 
2.82h -.004 - • Ii l '1 -.046 -.06!' -.060 2.966 -.019 • 0 1 0 -.049 -.osc; -.068 
2.828 -.00? -. , 19 -.054 -.010 - • Qt-,0 2.968 -.018 • 0 l S -.049 -.086 -.067 
2.830 -.001 -. 1!? 3 -.049 -.010 -.058 2,970 -.019 .01c; -.050 -,OR? -.070 
2.83? -.004 -. ~?? -.049 -.010 -.Obi 2,972 -.019 .016 -.oso - • 081 -.069 
2.834 -.004 -. @? 3 -.051 -.07? -.056 2.974 -.021 .016 -.oso -.ORO -.067 
2.83h .001 -. ~?? -.059 -.070 -.056 2.976 -.019 .019 -.oso -.ORO -.Oh9 
2.838 .005 -.~?3 -. oss -.011 -. 05h 2,978 -.020 .021 -.OSI -.ORO -.Oh9 
2.840 .001 -. Ql9 -.056 -.011 -.056 2.980 -. 02? • 0 l 'l -.oso -.077 -.069 
2.842 .001 -.Q21 -.056 -.011 -.056 2.982 -.02? .018 -.052 -.ORO -.073 
2.844 • 001 - • 0 2 l -.058 -.078 -.057 2.984 -.023 .018 -.052 -,OR? -.074 
2.846 0.000 - , 0·1 7 -.062 -.07', -.058 2.986 -.020 • 02 1 -.050 -.ORO -,074 
2.R4R -.003 -.013 -.05 7 -.075 -.058 2.988 -.022 .019 -.051 -.080 -.074 
2.ASO - • 001 -.010 -.059 -.01 ., -.osci 2.990 -.023 .022 -.049 -.011 -.074 
2.A52 -.004 -.012 -.oss -.074 -.06? 2,992 -.019 .0 2 6 -.oso -.07"i -.069 
2.854 -.004 -.012 -.058 -. 075 - .0 6?. 2.994 -.023 .026 - ,046 -.074 -.Oh1 
?..856 -.003 -.009 -.057 -.074 -.061 2.996 -.029 .023 -.045 -.080 -.Oh5 
2.858 -.004 - • 0 I ., -.058 -.011 -.057 2,998 -.030 .018 - . 041 -.OAO -.063 
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Lagrang:ian autocorrelation coeffic i ent, turbulent momentum 
exchange coefficient and dispersion coefficient 

The axial Lagrangian autocorrelation coefficient, the 

dimensionless longitudinal turbulent momentum exchange coefficient 

and the normalized axial dispersion coefficient data are summarized 

in Table A.IV.2 Computation of the Lagrangian autocorrelation is 

described in Sect. 6.2 whereas calculation of the latter two 

coefficients is outlined in Sect. 6.5. 

The axial Lagrangian autocorrelation coefficient is portrayed 

in Figs. 6.21 and 6.25. In the latter figure the extended Lagrangian 

autocorrelation coefficient is depicted. The axial Lagrangian auto-

correlation coefficient is defined by Eq. (6.40) 

L (x ,T) = L(x ,T)/v2 
0 0 0 0 

where the axial Lagrangian autocorrelation L(x ,T) 
0 

is given in terms 

of the Eulerian autocorrelation R(x;T) by Eq. (6.39). Computation 

of the longitudinal Lagrangian autocorrelation coefficient was 

carried out utilizing Eq . (6.42) 

where R Cx;,) 
0 

is the dimensionless envelope of the Eulerian 

reference-point autocorrelation coefficients defined by Eq . {6.41). 

The dimensionless axial turbulent momentum exchange coefficient 

(dimensionless eddy diffusivity) is expressed by Eq. (6.47) 
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in which the turbulent momentum exchange coefficient KM(x
0
,t0) is 

defined in terms of the axial Lagrangian autocorrelation coefficient 

by Eq. (6.46). In the foregoing equation the dimensionless diffusion 

time is given by Eq. (6.48) 

Variation of the axial eddy diffusivity with increasing diffusion time 

is displayed in Fig. 6.26. 

The normalized longitudinal dispersion coefficient (dimensionless 

longitudinal mean-square displacement) is defined by Eq. (6.51) 

D(x ,t0 ) = D(x ,t0)/v2 TL2 , 
0 0 0 1 

where the axial dispersion coefficient is expressed in terms of the 

longitudinal Lagrangian autocorrelation coefficients by Eq. (6 . 50). 

Change of the longitudinal dispersion coefficient with increasing 

diffusion time is portrayed in Fig. 6.27. In all foregoing equations 

v; = 6.25 m2/s2 (67.2 ft 2/s2 ; see Sect. 6.4) and TLl = 51.5 ms 

(see Sect. 6.4). In Table A.IV.2 the variations of L(x ,T) with 
0 

increasing time delay T, and the changes of ~(x
0
,t0) and D(x

0
,t0) 

with augmenting dimensionless diffusion time t 0 are tabulated. 

\ 
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TABLE A. IV. 2 
LAGRAtlG IAN AUTOCORRELATION COEFFICIENT, TURBULENT M0-1ENTUM 

EXCllAHGE COEFFICIENT AND DISPERSIO!J COEFFICIENT 

t l. ,to· KM lJ t L to \1 lJ 
() (s) 0 

(s) 

n. on n 1.o no n • r• (\ o.uoo ,, • l)0 • l 40 • uYO c.72 • 91 7 3.:n 
.002 .9? 3 . 0 4 .0 37 . no • 14;> . • ()>;7 2.11, .9?1 3.44 
.0 04 . tJA', • r, ~i .(J'/ 2 .1 , 1 .144 . oAo 2.MO . 924 3.'>2 
• 00h .~ lt:' • l r' • l l l~ • u l • l 4', . u>U 2 0 H4 . 4? 7 3.59 
. OOH • 7 72 . 1 ,, • I 36 • ii? • 14<' . 1)7';! 2.HH .':!30 .1 . Ab 
• 0 l 1) • 779 • l Y • If,-., • n:; .1 ·~o • ti 7!1 2.Y? • 9 33 3.73 
. 01;:, .1,1 . ?3 ,. }Y:, .oc.. .1',? .07':l 2 .95 .93b 3.HO 
.014 • f-., 7c; • 2 7 .??? . 0"· • 154 . 0 77 2 . -n .939 3 • Hf! 
• u I" • h', (I • '1 • ~4 .-; • () M • 1 "" • 0 7<+ 3.03 • c,4;, 3.9', 
• n 1"" • he 1 . ·' ', . n:i • in • I c,;, • 1.173 J. n 7 .945 4.02 
.11 20 . h~] . :H • ? '-1 I . u • J bu . ,J 7 U J . 11 0 <:i4H 4.10 
.on .573 • 4 J • ,;, 0 • I"- • l c,? • Ohl:, 3 . l ':i .951 4.17 
• ti 24. .">',F< • 4., • 34 l • l I • ! h4 .ntd J. 1 y .4~;3 4.25 
.02~ .534 • C [ • -,rJ . ,:,n .lbh • tl62 J.?3 • <:i'ih 4.32 
• 02 .1-t • 'i]Ls ...... • :, r-l . 23 • l ,.,~ . . Oh2 3 . c. 7 .9'-i,1 4 • 3'-1 
.01 0 .', ll', . ~ ),.' • 1• G ·1 ,.;,-, • 1 7 0 • Q",6 3.30 .9'>0 4.47 
.03 2 • 4l"'-(' ,. ,-.'.,) .u. ??, .?.-4 .17? . 11">3 J. 34 • 4hi' 4 . 54 
.034 .471 .H, • 44 1 .J 3 • 1 ., ,. • !J44 3 .3H . 964 4 0 A2 
. (J3e, ,.45 3 . 7 1} • 4 t; ~ ,. jh • 1 7 e. • ()4f-> 3 . 42 .966 4.69 
• 03>' •" 3H .74 • 4 71:, ,.4 fl • l 7 'l • ,)46 3 .4 h 0 9t,H 4.77 
; 04 1) .4 ?4 • 7'1 .4q.1 .4 4 • I rl0 • •J4H 3. ':>0 .970 4 0 A4 
• i)4~ • 4 l 1i . rt~ .~ (J <.J • 4-< •I t<? • 04.; 3. ·',4 .'-'72 4.9 2 
.04'-l- • :1>l >< ·"" • 52 1-4 . ':> 2 .] cH • (14t 3 .'>ii • '-17 3 4.9'-J 
. 1)46 ."!,7M .f<':! • 53.;i ·"" •I " " .·.)<+':, 3 .f-2 • <, 75 'i.07 
.041-1 .37 3 .c. -, • 'i'i4 .bfl •] R~ • 1) '+ ,! 3 . ~:, .977 ">.l'J 
• oc,o • 31:, :, .'-7 . 5,:,R • ,-,4 •I.,~ • {J j ... 1 3. r,c; • '-17R 'i. ?2 
• O" 2 • 34f, I, n I • Sh2 .f)4 • ] ·l? • II 'l I ~;. 7 3 • 4i.:t0 5.30 
• 054 . ·,v, I. n:, ")<JC: . ·1:1 • l 9 q. . 11 ·1,l J. 7) • 9'\ l ~j • .3 7 
. ll'Sh • ~'.l I 1. 11'-I .6 (iH • />· .1 ,r-, . ·Jr'.:'l J • ~ I .9R2 ':> .4!':i 
• 05f' .34f, I. J.l .hn .,n • l '-1 ~ • d r. ti 3 . -H', .9R3 5 . 53 
• Qh0 .344 1. l 7 .o.l'i . I'." ... • ?\I~ • i l ?. b j • . ~9 .4H4 5.bO 
• l) f,? .?9h 1. 21 • f,4 7 .'.,:J • i'U;, • 'J? b 3 . 9 .l .9W, ':>.ht! 
. Oh4 . ?H 7 1. ?4 ·"'"'" . r...,:-1 • ?0 4 • \) !.'"'"I 3 . ~ 7 .c.HH·• c;.7h 
.Ohh _.?6 2 ) • ?H • ., 7 (I 1, ,;3 . ? tJ', . u;J 4 • !J 0 .ci ;.J 7 'i.R3 
.nr~ .?7:1 l. 3? • h~tl I . o;, • ;.> i)k . dl2 4 • 0 4 • q~f.ol ,.,11 
.07 0 .27f. I.lo .641 1 • 1 :i . ?] I] . 0?2 4.0H .c.i ;.,9 5.99 
.on . 2c;':, l ,4 l) • 7 0 I l • I~ . ;>]? .o ?O 4.12 .94() f, • 06 
.074 • ?'>0 l • 44 • 71 I l . ?4 • ?) ,,. • ti?(, 4 . I Ii • 9'l0 6.14 
• 07h ,i'4) l • 4 M .7 ? 1 l. j O • ? 1 ,; • 11 I c; 4 . ?0 .99] "'· <'2 
.01~ .n r l."2 • 7 l !J i • . ~h • 1 11' . 019 4.c.'4 • 9"2 6.30 
. OMO . c?P ] .c,t-, • 7 :~ '-I 1 ... 1 . ;,:,.11 ·" l '+- 4.~n .9q3 h. 3 7 
0 0R? .231 l ."'" • 7li. i. 1.4., . ?2? • u l 4 4.]l .9Cll h.45 
• Of<4 .?Il l. c-3 .1c,7 ).SJ .??4 • u I I 4,:15 .994 f,. 53 
.DHh • Ztl 7 ).',/ • 7Ai::.., 1 . c. ,, . ??h • O l I 4.j9 .4~4 h,60 
.of..<.~ • 20? 1. 71 • 77 3 I .ri.:... • ?r'H. • (l 0'-.J 4 .43 • c,q5 f,.1,/j 
• ()Q() • ] <; '-l l. 7<, • l FU l. 71 .? 30 . (1\r, 4 • 4 7 .c.,95 6. 7b 
• oo;, • l '-'3 ! • 7'-' • 7 ;:,c, I. 77 .?3 ? . Ulr 4.Sl • 9C/'i 6 0 R4 
.U94 • ]f<'-, ].R ,j .7 <i5 1 . ,u , ?34 .010 4 . ':>!', • '-lQ6 6 , 91 
.09h .lfi) ] • R 7 .H1 1c' 1 • c~ ~ • ?. _jf,; • 0 1 0 4.~si .½'9b I, . 09 
. <J9'h • I 7 u I . c:u • t" (J q 1 • ..,,... . ?;'l • (I 0'-1 4 • 63 • Cj<.JI, 7 • 0 7 
.1 c,r, .1 6" J • q4 . ,; ]h ~- • IJ?. • ? .. 0 • o 10 4.6A . 9Y 7 7. I<;, 
• 1 n,, .J,-,J l . CJ;,,,, . ;.1. ·->; ? . \'...; . ;., .. ;; .oq q 4. 7 [) .oq7 7 .2 2 
.104 • )t..;.:. ? • n;..i . ti ;J;.., ,) • l ~ • ; .... u • 0 tl 7 4.74 • 9 ~~ 1 7. 30 
• I Oh • 1-"0 ? • (\h • ;J ~4. ,-.;1 • ,:'. <.+ h • lldM 4 • ·11, .49cJ 1 . 1e 
,J OA • 14'-, ? • I !I . ... ~ ii Li ;.i . ?~ . ? 4k • ll Oil 

4. "" 
• 'l<;H 1.46 

• 11 0 • } 41-'. "· J 4 
•..._ I~ {) r.~ ... .,) ::,1 ) • 0 l 0 4. }ll) ,9CIH. 7.5 3 

• 1 l? • l ~ '/ ,) • l .:I 
0 /-<C, ) ; • 4 I • :;., i")c .oo7 4.90 . 949 7 •" 1 

• l 14 • ) l f\ ?. • ?? .1,s l ; •~I • ? '")l.l , l)(Jh 4.44 • 9',19 7.h9 
• I Jn • \ 2Ci ;, • ?', • i-4 f-, {~ 2 . ~ "' . ,: :.,,-, .unn 4. 9fl .c, og 7 • 7 7 
•] JR • 124 ? . ?4 • h f ... 7 " · " l . ?..,,:., • u l)b ",. (J l 1.000 1 • R4 
.]21) • l ;;,c, ? . 1 l • "l72 ? • f-.~ . . ?r-,1) • ()t)b 'i • 05 1.0 00 7.9 2 
•I;?? • 1? 1 ; • -, 7 . ~ 7 f i ;, • 74 . ?Ii?. . OO A ',.09 I. or, 0 A. OU 
• I ?4 .117 ? •I,\ .. H~ 1 ;, . d 1 . r.?'1 4 - • l l 00 5.13 I. O O 0 H • 0 ti 
• 1 ;,,- , l 11· ;., • 4', • 11Mf, ? .,< H .?~h -. 004 s. 1 7 1.00 0 R • 16 
•I? ;; • I c.'-' ? . 4'-! . ~ ~!) ~ -~'"' ·""" -. 001 ':> . 2 1 I. 0 0 0 .... ? 3 
.110 • I ?'l ? .'i "l .><">':, :J . 1; ; . ? 10 -. 001 ':> .25 1.000 R • 11 
• I 32 , l ?f-1 ? • r, 7 • .:ion 3 . 0~ .n? - • llO~ S.29 I. 0 0 0 R .39 

.• 134 • )?7 ? • "U • uoc; 3 . J t, .?74 -. on~ '> .33 I. 0 0 o A• 4 7 
• 13" .111 .. ? • f--4 .'-I](\ ~ . ? ., •?I,:, -.002 S.:Jt, 1.000 8 .54 
• 1 :1-' • Q9() ? • hH • q l '+ '3 . 30 .21>; - • n 04 ~.40 I. 0 IJ 0 A 0 t,2 
.14 0 • B 'lll 2 .1;, • (1 1 7 :1 . 3 7 . 2n0 -.1104 S.44 .C.,99 R .7 0 
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TAB LE A. IV. 2 (COt:TINUED) 

T I. tD KM [) T I. t D \ 1 [) 
(s) 0 (s) 0 

.2 811 -.004 S.44 .9C,9 f; . 70 . 42 0 -. 020 f; • l 6 . 'H, l 14. 05 

.211 2 -, 00 4 5 .4 H .'i <H ':l . 7M .4 22 -. 0;;2 il . 20 • 96 l 14.1 3 

.? H4 -,O Oh I-, .t:.. 2 . 'i '-1 -; H . 1;=:, .4 t'4 -. 0?.3 ,; • ?4 , 9':>0 14. 20 

.2 fiA - • 0 (I ", ~ .c:. 'J • 9 ·~-./ ~ . '-43 .4 r.f.. -, 023 1:1. 2,; • 9',9 14.?H 

. ?P,A - , 00 '> ~.r o .t,Qi../ 9 . U} 0 4 ,?H -, Oc'I H, J? , 9',fs 14 , 35 
,?C, I) -.one. " ·"" ,4 911 Y, 09 .430 -,ll 2 J >-l,)f, ,9'o7 14,4 3 
.29 2 -. 006 '-, , f..8 • 94 H 9 . I 7 • 43,? -. nn tj. 40 .9 ,b }4, 50 
.?<14 - .oos c. .11 , 99 H "-). C..' 4 • 4 :)4 - • c, 22 8 ,44 .4S 5 I 4, !:it! 
,? 9h -.n oH s . 7', .Ye.iii 'I. :~? ,<'sf, - • 02,c fl,47 ,4',4 }4,6", 
• 2ci>< - . 0 0 4 ". 7 '-i . -10 l 9 . 4 0 • 4 34 -. ot2 H,',l ,9 ', 4 14,7 2 
. ,nr, - , 0 fl>; s. h i 0 YY7 (,. 4 ,-< • 4.:. n -, <J?.2 "·"" .<,.,;J 14. PO 
.3 02 - , 0 04 c..~1 0 Y97 l., . ½L. • 44 2 - • 1.12.3 "·"" .9'> 2 14 . 87 
• 304 -,0 06 c; . c., l . q47 <.J , t:d .4 44 - • <J22 P, ,f..3 , 9', 1 I 4, 9"> 
• :lOn -, 00 7 c. . L"', , Y9 n q . 7 I .4 4h -. <)?2 1:1 , 6 7 • 9'iU 1 c; . 02 
. ]Pii - • 00·1 s . c., ·~ ,Y41-:, -~. ,~ • 44 1'1 - • U?<J >:l .71 .G4<;! 15 .09 
• 3 11) -. 00 7 " . f' J . YQn q . h,S • 4'::1 0 -. lil'l H. 7 'i .'<49 I 5, I 7 
. 31 2 - • 00k h . ( : f, , 94 6 9 . 9 4 • 4 ''1 ? - . 02 1 H • 74 .'<4 8 l 'i , 2 4 
.114 - , 0 l 0 h . ]<) • ,:., c ~ 1 il , 0; .4 54 - , O?. I 8 .1:1 2 , 947 I 'i, ]2 
• 3 1"' - • 0 ](1 f, •] 4 ,'1 '1':> l I] . l p .4', ", -. 0 2 1 H0 8h .94 6 15.39 
•JI., - • 0 I 1 ', . ]-< .994 \ I] , 17 • 4'-,<; -, 1) 1 9 R,9 0 ,'14 5 15,46 
. 320 - • ll 1 I h . ?,:' .944 11) . 1"'1 .4 h /) -, ll<'U ~ .~4 , '-145 15, 54 
.3?? - • () 12 f-'. . ;;.,n . qy4 I o • JJ . 4 b? -. 0 21 M • Y .~ . q4 4 15 , b l 
,1 24 - • 013 .; • 10 , 443 l ti • 4 0 • 4t)4 - . tJ12 Y • il? , 943 1 5, 1:,/i 
, 32F, -. 0 1] h • ~4 • 9'-IJ 10 0 4;.\ . 4hh -.0 ?3 CJ• Of, • CJ4? 15,76 
• :J?.~- -. 0 14 h • ~~H ,c; 9 2 10 . ~~ .4 bH -.0 2 1 9, I P • '14 l 15, ,u 
.33(1 -. 0 14 h .4 l , 991 1 (1 . t,4 , 47 0 - . 0 2 2 4,14 ,94 0 15, 90 
. 3V -. nb I-. . 4 ~ , 4<;J l 11. 7 I ,47? - • O? <l CJ, I 7 ,94 0 l "i, '18 
• 3 :> 4 -. Oh f- • 44 . 4'-l '. J I 11 . 7c, .4 74 - • 0<' I '1 , 2 1 ,'-ll ll 11:>, 0'> 
.3lh - • 0 I " h, c, ·, • 9 1) .J i u . ri 7 • u. 7 t--. -. 1)?? '1,2'i , 'l38 16, 12 
.J )H -,0lh f,, . t:... 7 .YHY I I) , ',1 4 • 4 /rl. -, n??. ·~. ?C, ,'Ill lh .19 
• 34 r1 - • 0 1 ti f-,/-.] ,'-l A.9 l I, 02 • 4110 - , 02<' 4. 3] ,C,]t:, 16,?7 
.34? -. 017 h . hc, , 9P.>; 11 , 1 u ,4 >i? -. 022 4. 37 , 9]5 16 , 34 
,3 44 -. CJ 1 c, ,:. • ,..,"1 • 9'17 11, ]7 • 4r'-4 - . 02 1 Y,4] ,93S lf, .41 
• 141-- - • Cl l ', h ,7 ? • 9;, 7 l I , 2'> • 4.>ih -. 02 1 l,,,J.4'j • '-l j 4 16 , 4'1 
, 34 ~ -, 014 h . 7r .c.H"\ '-l 11 , J :; e4 Mk -. 02 i 4 • 4~. ,9 .U H,,56 
•. , s n - . o 13 f..., • j.;i 1) .4!-lih 1},4 0 • 4<,(J -. O? l CJ, 52 . 932 lf, .1:, 3 
, JC:,? -.01, f, . 1'4 ,9H 5 ) l • <,.k .4'-1? -. on 9 .S 6 , 911 16,7 0 
.354 -. Cl ]I-, " . ~ >1 .9H4 11,c,t, • 4Y4 -. on Y, f..O , 9 30 ln . 78 
• . l"h -. 0 I -, h . 4 2 . 9P4 l I , h .i • 4'ih -. 02 1 <;,f:,4 ,'l"lll ln, 85 
, .15 --< -. n h h .'H, . 9H"J 11, ll •4 '-J A -. u21 4 .~A , 9?9 lh,9 2 
• 3h 0 -. 0 15 7 • ()0 • <i>i 1 ] l • 7CI • 'J<JO -. 020 Y,72 .9 28 1 f1. 99 
• .lf,? - . u 15 7. 1) 4 • '-lll 2 11. >if·, .~ u? -. o?.3 9 ,7h • CJ?7 17,0 6 
• ) f,4 -. 0 l h 7 , o 7 0 YHc 11. 94 • S 04 -. 02 4 9 . HO .9;' 6 17,14 
.lhf.. - , Ol fc 7.11 . '-lR l 12 . llr' , 5Uf, -. 0?.4 C, ,>i3 ,9 ?5 17 . ?l 
• 16 ~, -, 017 7. I '-> .9 H(J 1 2 . u c; • ', Q P, -.O i'S 9 ,H"/ ,4 2 4 ]7, 2i:', 
• . 17i) -, 0 17 7. 1 '-I • '-/k (J 1 .? • l 7 ,c.10 -. ll? 4 <i , 9 I ,CJ ?.J 17, 3 5 
• 37? -. o I q 7 . ? 3 • '17'-J 1 t . 2 4 . ": 12 -. 024 9 ,9:, • '-' 23 17,42 
. 374 -. 0 1 7 7, ? 7 • 978 l ? . V , 5 14 -,0 2 4 Y.99 ,'-1 ??. 17. 50 
, ·371, - .0 17 7, '.'I .977 1 c' . 4 •) • 'i 16 - • 023 10.113 ,9 2 1 17, 5 7 
, 3 7 P - . 0 19 7. -~, . Y7l l ?, 4 7 ,ciUi - ,0 2 4 10 ,07 ,Y ?O 17, 64 
, 1HU -. Cl 14 7. -,1,'-/ , 97f, I c: • c, i., • c.;,n - • l)?.3 I O. l 1 , 9 1 9 17.71 
• 3>-l? -. 0 If; 7 • 4 t' • c,7-, l ,:' . ,,~ • '-> 2? -. 0? 4 I O. 15 ,91 R 17 ,78 
• 1 11 4 - . O I CJ 7 . ,.,, • 97c, 1?. . 7 (1 , S24 -, 0 2 4 10 ,1 8 , q 1 7 1 7, H':, 
• 3 1:l f:< - . 0 11:< 7. C... J • 47/J 1 2 , 7 >, . 52h -. 024 10 , 2? • CJ I b I 7, 92 
• lhf< - .020 7. c:,4 • 97 3 I ?. . HS .S2M - , Oc-'< l U,21:i , CJ I 5 lH,00 
• J'-l() - ,.0?1 7 . c.. ,; ·'·17-: 12 . ,;-i .5 30 - • 0 ,'':, lU,30 ,914 Ul . 0 7 
. 34? - • 01 c.., 

7 . "" .Y7 ? l l . 01] . ,3? -, I) ;? ':, 10 . 34 ,YJ:l l H, l <+ 
.3'.J4 - .Oi:'<l 7.hh , q7 l 11 , r, ;i .", _j4 -,0 25 IO. 3fl .912 Jf• , 2 1 
• 3c;1, - • 0 I " 7. 7 ll , 47 0 1 :~ • l 1~ • s :;1, - • (),?::, 1 0 ,4 2 , 'HI lR. 2<:l 
• 3<,H -. OJ H 7,7 4 , 91:,9 1 3 . 2 ·, ,5 3H -. 0? 4 I O, 4F. .91 0 lR,35 
,4 00 - . 0 17 7,77 .96'-; 1 _-j . 3 n ·"'40 -, 025 1 0 . so ,904 l fl, 4? 
,4 02 -. OIH 7, µ l • ~~hJj JJ.3H . <;4 ;> - , U25 1 u, c,3 , '-i O tl 18 ,49 
,404 -, Olf· 7, H'J • ·-if. 7 l 1 . '+c, • ..=j44 -. o~s l O . S 7 , '-l07 Jf',56 
.40h - , OI H 7 , f"'-1 • 9f, 7 1 -, • 5 .1 .~4h -, Ur.'5 1 0,b l ,901:, 18.63 
.40 ~ -.n?o 7. q ·; . 9h6 l -~. h l • S<+--\ -. 0 ?4 10.1-:,5 , 90', 1>1,70 
.41 0 -.OIH 7,97 ,CJ;,5 L< ,o fi • :J:>O -. 025 10 .1-, c; ,CJ04 l tl. 77 
,41? - • () 1 q ", n 1 ,9!'-4 1 3 , 7h .S 'o? -, Oc h l <l ,7 3 ,903 lfl,P,4 
,414 -. 0 19 R, 05 , 964 l j • H -~ . :,L::,4 - , Och 1 U, 77 ,9 02 JP.91 
. 4 ln -. 019 1-1. f)4 ,46 3 1:i . •11 . ',",h - • (I,? ':, 10.,n ,YO} I H.98 
• 41 S. J. -.O ? l A. l 2 ·"'"'" l.) • 'iM • S'?~ -, 0?3 1 0 • K'i ,9 0 1 19,0 5 
• 4 21] -. 0? 11 R. l i-, .9 6 I 1 s, O"i • 'i',O -. 02 4 IO. f\8 , CJO O 19 .12 
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TABLE A. IV. 2 (CONTI HUED) 

T L to KM v T [ to KM v 
(s) 0 (s) 0 

.snn -.0?4 l lJ. µ,1 . 900 lY.l ? • run -. o,n l .J , h 1 , 82h c3, H2 

. 'ih2 -.0 ?', 1(I.42 .!:ICJY 1 Y. l "I • 70i' -. O?H Ll, h4 , R2~ 23,fl9 

.5h4 -. 1)2!'> 1 ') · "h ·"'l>l 1.,,. 2h .7 04 - • 029 13.1,8 ,H 24 c),95 

. ',f,h -. lJ2'i I I. o; r • 8"17 H.3 .l ,7 Uh -. 02'1 lJ, 72 , Hi'3 24 . 0 l 
,'ihfl - • O?':> 11 J r4 . H9o 1 -.; . 4fl , .7UH -. Uct1 1 :I .7 1-< , H22 24 . 08 
.~7 0 -.O?b 11 • 11>; , HCJ', 1 -l. 4 7 • 71 0 -. 028 l.l. f;Q , 82 1 24, 14 
,S7 2 -. 0?6 l 1 • 1 i' . A'l4 1 y . r:;4 • 7 l 2 - • '.)28 13,p.4 • ><20 24 , 21 
• ", 74 -.02c; 11. 1 h , 89] 1 ". h I • 7 I 4 -, U2H 1 l. Ht< ·" 18 ?.4.27 
.",7(-. -. on 11 , ?f.l , 119 2 I ·,,., ;, • 71 ,, -. ,i?.H l J, 'li: , Hl7 24 , 33 
• ~ 1, .... -, 0?7 11,?.3 , AO! 1 ~ . 7 , ... • 71 q -.O?d I 3, 4h ,Hlfi 24 .40 
, 'iKll -. 02:i 1 l . ? I , ilYO J (; . "" ,7 20 -. 02 11 13, "19 , fll!:> 24 .4b 
• ",~? -. 021' J 1 • . 1 l .~89 l '1 , /<.'-l ,"1 2? - • 112/"i 14 0 fl J ,ill'+ 24 . 52 
,', F<4 - , 02t:, I 1,:1._, , R88 I 4 , Yh , 724 -. ll?ri 1 4 , 117 , Hl3 24 ,!'> 9 
.SR', - • r)?r l I , :,o.J , !:187 ?.i, . o-; , 1 ?.h - • 1127 14. I 1 , Hl2 24 ,fi S 
, ',HK -. on I I , ".i , l;':jf, 2 0 ,1 n • I c'8 - • U?7 1 4 . 1 S , fil l 24 .71 
, 'i':/(1 -. O?t< 1 I , 4 I , ><AS ?i! . lh , 73fl - • il?1:\ 14, I<; ,H)O 24, 7>:, 
• c;q 2 - ... ,,.. ., I I, ':' I , l;i:i4 ?n . tJ • 7 .l,' - • \)?.4 1 4. ?..½ , qny 2 4, R4 
,544 -. O?h 11, c;., , >-18 3 ?li . 3,, , 7 J4 -, O? tl 14,? 7 ,H08 24 ,91) 
• 'i'"' - , O?fi I I ,"- I;; ,H .~2 ;11 , :n • I .in -. 112 7 14, :H . 80 7 24 . CJb 
, 'iCJK -,O?h 11 , h 2 , 8'1 1 2n ,44 • "/ J.>\ -, IJ2K 14. 34 , ROh ?"> . 03 
.A O½ -, O?h I I , ' ' " , ';179 2tl , "?I • 7~0 - , 02 7 14, Jf< . ~04 25 . 0'l 
, f,02 -, 0? 7 11, 7 0 , f' 7f< ?n • ..., ,, , 74;, - • i)?.M 14 • 4 i:' ,R03 2!'> . 1 <, 
• nr.4 -, 027 l l , 74 , P.77 ?.Ii• h4 , I 44 - • 11,'7 14,4 h , ½02 25 . 2 1 
• f,[lh -, 0?7 l I. 7,; . 'l 7h ?O . I J .74.h - , ,12 1 14, -::,Q , ROI 2'i . 2>l 
,h OH -. 0?.7 l) , He' , 87':, cl/ . ,,.. • '/4'< -. 027 14. ',4 ,HOO 25 . )4 
• 61 0 -.o n 11, f<b , H74 ,?fJ • M'°' , 7':,0 -. nrt1 14,5'< .799 25 ,40 
,fi.l ? - , 1)2tl 11. oo , K73 ?.u. 4? • 7';? -.11?8 14,h ? • 7 q~ 25 ,4b 
. r 1 '• - , 02R . I) , 4 j , P.72 <!I .<.,, ,. ~ • 7":>4 - .r'.•? 7 14, !i'> ,797 25 . !:>3 
.hi" - • 0,'H I I , 07 , K71 < 1 ·• n~ , 7':>h -. tl?.M l 4 . ~4 , 7Q6 2 'i, ",,1 
, f,!H -. on 1 2 , n l , H7 0 ? l , 1 r. • 7 :,P. -. 11?"1 14,7 3 • 7"15 ?'i.b5 
.b 20 -, Ori1 l?. I):, , 'lhQ ? I, 14 , 7(,U -. 1)2fl 14, 77 , 7 '-14 2s. 11 
, n?? - , Oc':l l?. ( ! Cl , -lhh c l, ?'-, • 7b2 - , 02J.J J4,i1] • 7'l3 2'i,77 
, 6?4 -,O?.,; I?. I i . ~f..., ; I• ., ;., • 7',4 -. 0 21 14. 'l',. , 7'l2 25 , iU 
.F, 2'"' - , Orfs I ?. , I I . ~hh 2 l • j4 , 7nl-:- - • or ·r 14 , >;'-I . 740 ?'i , '-l(J 
.fl ?H - • ()2>' I?, ? l , >l'>4 ; I•"' • 7,.., .,.; -. 02 1 l4, '"'1 . 7H9 ?.5. 'lb 
, f,] l) -, 027 1 2 , ? 4 , Rh) 2 1, '>2' , 770 -, 02b )4, Y7 , 7rlR cn , 02 
• ,-3~ -. O?h I ?. , ?K , ilh2 ? I. C,cj • 77? - • ,)? 7 h,0(), , 7 'l 7 2A ,0 tS 
, f,.34 - • 0?1-< li',V , f\f,) ?) , h" • 774 -,02H 1 ':, . 0 t+. ,7H 6 26. 14 
• ,-.,:~ h - , Oi.' h 1 2 , 31, , !i h O 2 l. 7~ • llf-c -. D?tl I':>, OH • 71-<'1 26 . 20 
, f.3 <' - • tl ?•. J ;, , ,. fr , 'l5 " ? l. 7-, , 7 ·1,; - , 02 7 1 ':, , 1 2 ,784 2 h.?b 
• f,,41) - , O?h l?,44 • >\'i f< ? l . ,.,.r> , 7<10 -, tl? 7 1,:;, I 6 • 7r-<J 26 , 32 
• 1,4;, -. 027 12,4R • A'i7 <' 1. "" , 7 Hi' -, 1)2 7 J '-,, 2 0 • 7t12 26 . 31:i 
, ,-,44 -. 0?.f 1? ,c;;> • h',t:, ? l. lie> • 7'14 -. ,121 15, ? 4 • 71< 1 2/i ,45 
,h4h -, OcH I 2, L 6 • H ~', ?I . (1h • 7Mh -. n;.:,n b , 2h .7fl0 2n . 5 1 
, f,4 '< -. 0?f< 12. ~ '-' , fl ':,4 2 c . i ;, , 7M'1 -. 02 8 l ',, 3i:: , 7 79 26 . ", 7 
• fl", O - • oc·1 ],' , h3 • q c:,3 ?< • l4 , /Y 0 -, Ot'H 15. 3C:, ,71 8 26 , h] 
.6"> <' - , fl? H l? , r 7 • ><'-,2 'Ir' . ,,,., , 7Y2 -. 027 1 5 , JQ , 7 17 26 ,fi 9 
• f,",4 - , 0,'4 l?.71 , 'i'i l ?? , l? , ·7y4 - , 0?7 l S ,4 3 , 7 76 20. 7'::i 
, f,'SM -, 0?9 l?. 7 'i • ,qc:, o C;' • -~1... , 7 '~h -, 0?.7 1 5 .47 , 775 c h, Hl 
• f,",~ - , 02H !?,74 • '<4 1:l ;,(' , 4h • 7 •'1H - , 02 7 15.5 l .774 2o,fl7 
.hh (i -, ll2H 1? . H ,( , 8 4 7 ?? • '.":> 2 .H UO -, 0? 7 J :, , ':,':, .11 1 2h ,0 3 
• f,h:.> - • 11?'1 l?,!>7 • ?,4 f, ;..;., , .,9 , AO? - , o;,7 l':,,',-; ,772 ?h ,'-!9 
. r:1--. 4 -. o;n; J? . '11 • -<4 ':, ?? .h ~ . ~04 -, u?7 1 ·:, , h.J , 770 27 , fl::, 
.hl-, t, - , tJ2<; I 2 . r., 4 • R4·4 ?r, . 7 'c . AIJf:i -. 0 ?M l 5 , 6'/ • 7 h 'J 27 . 11 
, f,hH -, 028 I ?. , Y-:, , 8 43 ??. • 7 ,; , f<UM -, Oi:.'tl l ':> • 7 fJ ,7 rH 27. 1 7 
• h 7 0 - , 02,- I ·,, r, ;, , 8 4 2 ?i' • R'i ,><J I) - , 02 7 l ':,. 74 , 7h / 27.23 
,h7?. -. fl?'i 1 ·i . n., ,'<41 :u ,YJ . ~ l ? -. 02r:i l'i, 7H ,7 66 27 , 29 
,f,74 -, 0?8 l:l , J 'l • i:.14 U ?r' , Y~ , R ]4 -. U21 J':,,>:l 2 .76~ ?7 • .3'J 
• h7,..., ~. Cl?f< I 1 . I'+ , /Cl.3.; 2 l , r)'-, .--i 1 ,; - • o;,, 1 r; . t<h • 7b4 27 , 41 
, '17R -, 027 13.]P. . H37 23 ,11 • '< I fl -, O?H 1 ',, <i II , 7h3 27 ,47 
,1',RO -. 027 13.? 2 ,f.l :lf, ?J .l ~ , H20 - • tl28 j ', . '/4 • 7n?. 27.53 
,61:l? -. IJ2h 1 :1 . ?. h . HJ~ ? .J , 24 , K22 - • !J~>j 1 5 . ':''l ,7hl 2 7, 'itl 
.M}-4.4 - , ll?.7 11, ?'1 . ~34 ? ·i , 3 l • ><,'4 - • ()?M J f,,02 ,7h 0 ? 7,b4 
• f,flh - • rJ?n 1 l , • 'l , ,11 ·1 ;.. l , J 7 • '<2~ - • \)? t; 16. ;) '-, , 7':,4 2 7, 70 
.nPJ.J - • 0?', l 1 , 1 7 ,fU2 ?J , 44 • A.?R - , 02':i 11, . n<i , 7'iP 27 ,76 
,1,Q U -, 02h l ·1 , t, I • 'l.3 J ?.1 .', 11 • f' .l 0 -. 0 ?9 10.n , 7'i7 ?7 . !:12 
,A CJ? -, Oc7 I .l. 4':, • H:lU 2 :;,'-,f, , HJ? -, O?H 1 b. I 7 , 7'i S 2 7.R B 
,f,Y4 -. on 1:1 ,4'1 , 8?'-l ?.1, 61 . 1-(jtt -. 021 lh,21 , 7'i4 27,94 
,fiC:,h - • fl27 I:<, r..,3 • flci:1 ?3 ,n4 .'i3fi -. on 1 o , ?', , 753 2R,OO 
,f, Gf< -. O?.h 13. "7 .~?.7 ,;,3 ,7,; ,H 3H -, U2i1 16. 2'1 ,7 52 28, O':, 
, 7 00 -, o,n 1:1 .,- 1 • R? I, ? J , Hi? . H40 - • 02tl 1 6 , 31 • 7-; 1 2'l . 11 
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TABLE A. IV. 2 (C Olff INUEO) 

T I. to KM lJ T l to KM lJ 
(s) 0 (s) 0 

• 84 IJ -. o?~ lh. ::U • 7'i l 2t< .11 • 91:iO - • O? C, 1 ... 0 c, .t,79 3 ? .0 0 
.84 2 -. O?fJ 1 h . 1 7 • 750 ?d . I 7 • "1t!2 - • 'J;.-' 4 l 'l . 09 • h 7>1 3? . O'., 
.M44 - 0 (1;.>R l "1 • (4 (J • 74', ?><,23 • Olj4 - • f)2 4 1 <i . 1 j , '1 77 3? ,11 
.841, -. c,;;,c, u , . 4 ,. • 74 fJ 2 11 . 'i:-'1.J • 4~~h - • o ;_i 4 l '-l, 1 b • 6 H:, 32, I b 
• >14'1 -, O?R In. i.c< .747 2!-s , :h 0 9xR -. n? 4 I "I , ;,o ,67':, 32,21 
0 R'iO -.n ? 1< lt,.'i ? .74 6 2i',. 4f) • ~~n -, 02 4 19 , ?4 , 1, 74 32 , 26 
,IJ':, 2 - , 02f, 1n.c:..1-: .7 4S ?f<. 41, • 0,,2 -. 024 I 9 , 2t< .h74 32 ,3 2 
. 854 -. 02H lf-i. 1-d) • 7 41., 2>:< . 'i? • YS,4 -.11 ?.4 19. :l? .1'73 32 .37 
.RSA -.0? fi )1:,.(,,4 • 742 ?M .,.;,,r; . ~-Jh - • f)2 4 1". :Jn • 6 7 2 32 ,4 2 
. il58 - • fl ?. t4 16. h>i • 7 4 l ?r< . h4 0 9'/R -. 1/2 4 19. 40 .6 71 3? .47 
• 8',0 -. 02>1 l h. 7 ?. ,74 0 ?'i . h'-i 1 • no o -.tl ?4 ) C, • 44 , 6 70 32 .5 2 
.8h2 - , ll?h In. 7 ":, , 7 :19 ?r<. 7':, 1.nu? -. 0? 4 l 'i • 41' .1-,6'-I 3? .51:i 
.flh4 -. 02H I A, 7'-l , 7 .lil ? J'l,c<J l.0 04 -. 0? 4 J C, , 'il ,hbl:l 32,63 
.RH, - • 0?1:1 l h, F' 1 . 7.17 ?~ .u l, 0 l) I', -, 02 4 I Y,">'> ,h67 32 ,6 H 
, >lhH - • 0?>1 Jh,P7 , 7 V, ?t~. '-I I !,OOH -, 0?4 1 'I, 5q • 1-f,6 32 ,73 
• il7 0 - • O?t, l t--,<.I) , 71 ":> 2R , <;~. l , n l 0 -,0 ? 4 l 'i, 1'3 • ht,'i :; 2 , 78 
• P,7? -, 112R ! '1 . 0 '-, • 7 J tt- ?<; , 04 l, fl] 2 - , 0,'4 l <; , b 7 .t,64 j 2 ,R4 
.R74 -,O? fl l ,., . c;,; .rn 29 . U'i 1.0)4 - , 1)24 l 'l . 71 .6h3 32 . 89 
,87h -,Oc7 17. nJ .7 32 ? -I. 1 ':, 1. rl )h -.024 l'l.70, ,t,6? 32.94 
0 8 7H -. on l 7. n 7 . 731 2 '1. ?. 1 1. n lfi -,0 2 4 19.79 .nhl 32.99 
.A BO -, 02 7 11 . I ;i .1? :.; 2ci . 21-, I . (r,:' O - • (J2 4 1Y, R3 .hhO 33.04 
0 HR? -. 0?7 l 1. l 4 • 7?~ ?'I. 3? 1 . n~ ? -. 02 4 19 . t;6 • l,h () 33.0Y 
• Rf<4 -.o n !'I.Pi .7 ?7 29 . 3k l.0 2 4 -.fl 23 19 • YU .h5Y 31.]4 
0 R8h -. on 1 7. ??. .7 ?6 24 ,4 3 1. 0,' h -.0 2 3 19."14 .i,':',k 3).20 
.1:< BH -. Or7 1 7 . ?b • r? c; ~½ .i+Y l. 02'l -. 02 3 l-1. 91:' .1,o.;7 33 . 25 
• >190 -. 027 l 7 . 3 0 • 7 "?4 ?', . ",~ 1. o:rn -, ,)23 20 ,U2 .h5b 33 . 30 
.892 -.n n I 7. :•4 .7 2J /··-J . t> 0 1. ru? -.IJ?3 20 .06 .f'-55 33,35 
.>;1t;4 -. 0?7 J7.3>i .7'r'2 ?'l . 1:,'1 1. 034 -. 023 20 .1 0 ,h54 33 ,4 0 
. R4 h -. 0? 7 l 7.41 . 7?1 :>'1 .7 ? l , ldh -. {J,'3 20 .14 . ti">3 33 .45 
• '10F, -.nn I , • 4':', .7 ?0 

"" · 77 
1 . <HR -. 0?3 ?.0 .17 .h'i2 33.50 

.90 0 -. n;n 17.4 ·-1 • 7! <; '2--J . h .·; 1. 1140 - • iJ<' 3 2 0.21 • 651 33 .5S 

.90 ? -, 027 1 7 , '-l • 7 J ,; ?Y.11..:.i I . 11·"2 - • u<'3 20 . 25 . h51 33 . 60 
• 901. -, od 17 , c;7 • 7 l 7 ?Y . 1.Ju l. 04 4 -. 023 20.2'-I • h'oO 33 .65 
• 'lO"' -.0 ?7 I 7 ., I • 71 h ?."-' . YY I. r1 4" -. n?J 20.33 .h49 33 .7 0 
• 90..\ -. (l <'h 1 7. f,c, • 71 'i ·, u . 0" J. 0«.4 - • ()?.l 2 0.37 . 6 48 33 . 75 
.91 0 - • O?h 17, h9 .71 4 :Ju . I I 1. n~o - • (I ,'] 20 .41 ,h47 33.BO 
.Q l? -. 1121' I 7. 7 .l • 71 3 30 . l h 1. O:j? -. 02 3 20 .4':, .h4 6 31 .A5 
.9)4 - • O?t, 17.7 h .71 2 30 . 2? 1 • n ~1 4 -. u23 20 .49 .t,45 33,90 
. q i ,-, -. 0?'1 17. f<() • 7 l I ,n . ?7 l.O'ih -.11 ;:>3 20 . 52 . 6 44 33.9:i 
0 4 1 H -. 0?6 J7 0 R4 • 71 0 ·rn . jJ l O t1C,R -.0 2J ?0 . 5h .643 34 . nO 
.920 -. O?t, I 7 , f<"l .7 0<; 111 . v, I. Oh O - • rJ?J 20 . 60 0 n4 3 34.05 
• Q2?. -.O ?n l 7 . Qi-:_ .7 0cl 30. 44 1. n b? -.0?3 20 .h4 .642 34.10 
.9 2 4 -. <J?h 17.0h .7 07 30 ,4 <./ I. On 4 - • o:~3 20 .6 1:1 .t, 4 I 34 .1 5 
, 92h -. O?h 1". no ,7 0f, 30 . "i5 ! . fl6 h -. 023 20 .7 2 .640 34.20 
• 'l24 - • 02,-, J H, 04 • 7 () l') 10 , hO I . Ob A -. 02 3 2U , 7f:, • f, 3q 34.25 
• 93r, -,11? 6 J H • OH .7 04 1() . f.-t- 1.010 -.022 20 • Rll • h 3,; 34, 30 
,93? -. O?'i 1'• . 11 .7 0J 30 . 71 I • 11 7;, -.0 22 20.84 . 637 34.35 
.934 - .021., 18 . I ':i . 702 J0 . 77 l, 0 74 -.U?.2 2 0 . R7 .h3b 34 .4 U 
.93"' -. O?'i l f< . l 9 .7 01 30 . "" 1.076 -. 02? 20. q l • t-36 34 .4 "> 
• 93H -,O ?" lH.? :1 ,700 JU O /;1 H l • 078 -.022 20.<is ,635 34.50 
.94 0 - , 02f, 14 . ?7 ·""') .l<J . -1:, l, 01!0 -.022 20 , 99 .h34 34 .5 5 
.94 2 - • O?~, l R., l ,1, Clt', 30 , "" I. OH? -. 0?2 2 l. 03 . 633 34 .6 0 
_q44 - • ( J ?.C, 1 i1. < ', • ht.;7 3 1. ,>4 1 . n ii " -. Uc? 2 1. 0 7 .ld2 34 .h'., 
_g4,-.. - • ll2':i 18 , :i'I .6<.J o 1 i. r)CJ I. Ooh -.0 ? 2 21. l I • n3 l 34.70 
.94 H. -, O?'i 1~.4 3 .h9', 3 1. 1c; !. OHR -.0 22 2 1 • l '., . h30 34.75 
.4 50 -. o?'i l R 0 41:, . nq,. ,1.2 0 l.0'10 -. 022 cl .J,., . 1'?4 34 0 AO 
.9", ? -. O?<; l t; . ~ q • t,<;i3 J l . ?:-:, 1. 0<;2 -. oc c 21 .<'2 .n29 34 • H':> 
. GS4 - • f)?:, 1 u . • t..i4 ,6 'l2 3 1. :l l l. 0'-'4 -. 02 2 21. ?I, • t, .?8 34.tl', 

·""'" - • n2c, J » .c. ;; 0 bY l 3 1. ,,., 1.0 9A -. u22 21. :io .6 2 7 34 . 94 
,'J'i H -. ll?c, 1 R . h? .690 11.4 2 1. 0911 -. 022 21 .34 .62/o 34,9'1 
.960 -, 025 I"•"" • lof.19 3 1.47 1. I O o -.0 2 2 21. Jr\ .6 2'> 35.04 
.96? - • O?", lA.7 0 .h f\t\ 3 1 . !?? l. I U? -.0 ?2 21,42 .624 35.0Y 
.,Qf)4 - • rr?', 1°.1 ~ .6 A7 31 . ',k ].1 U4 -.022 21 .4 6 .h 24 35 , 14 
.06h -. 02', I A. 7~ • (:,i1t, 11 . 6, I. l ll h -. u22 21. ',() .h23 35 .1 9 
.96k -.n?'i lH 0 Hj .htl'i ~ l. ,-, µ 1 • 1 (I A -.0 22 21 .',4 ,t,22 3'i . 23 
• 970 - • O?C, l R. R', , t,8 4 3 1. 74 l • I l 0 -. 022 21. C,7 .621 3'i.28 
.97'2 -.0 2, J R• p.; . 6':l3 31.79 1 . 1 l? -. 02? 21.61 .h? O 3'i . 33 
.974 -. 025 l R . O'.J .682 3 1. 114 1 • 11 4 - • <)22 21. 65 .619 35.38 
.971' - • O?!-- J ". q 7 .h >l l 3 l .H<, 1. I l h - • ,122 21. t,'l .61A 35. 43 
• Q7 R -.O ?', I Cl . f> l .hkU 3 1. YS 1 • I l R -. 022 21 . 73 .bl8 35 .4H 
.9f'0 -.O ?<; l 'l , (1", • 6 7-, v . oo 1.1 20 -.021 21 .77 . 6 17 35 . ~2 
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TABLE A. IV. 2 (CONTINUED) 

T l to KM /) T l tD KM /) 
(s) 0 (s) 0 

1 • l? O - .11 ? 1 21.71 . 6 17 ,:::, . s;, J. ?nO -. Ol '-1 Zt+ .4 9 . ·'>o2 3A.73 
1.12? - .O?l 2 1 ,HJ • n l 6 To ,'c,7 1. z ..,7 -. (JJ 9 24,c,:; • c,h 1 Jfl .77 
1.124 - .:(1? l cl."" ·" l 5 3". <or J . Zt> 4 - • U J 11 24.S7 • 5b 0 3R.i1l 
l • l 2"' -.O ? l 21 ,fl'! • fl l 1i -:i~.n., 1. chn -.(IJY 2<+. h l .St:iO 3H.8h 
l. 1 2>< - • 0.2 1 21. <.2 .613 ·s:, . 71 J • ;>t,H -.019 24.6':i .5,9 38.90 
1. l 3 C -.021 21. Qf, • fi 1 1 3~.7h l.? 70 - • (J l ':I 24.6H .c;,8 38.94 
1. 13? -. Oc l 22 . 00 .t>l2 3'">,A 1 l. ?. T? - • r, 19 24 • 72 .557 3H.9'-I 
l. l 34 -.021 2-z . n4 . 61 1 -~c:., . hb l . 214 -. 1)) ... 24.76 .c;57 39,0J 
1. l 3h -. 0?.l 2? . n>1 • 61 n 3:i . ·~ n l . ?7" - • tll "1 24 .4 0 . 55fi 39 .07 
l. ! JP - • 02 1 2? .1 2 .1i n9 ), . ·~~ l . ?7~ -.ol 9 24.84 . sc;s 3Q . 12 
1. l 4 jl -.021 2?. 16 • f, () 7 :lh . {)() 1 • ?rl•I - • ii 1 ·-1 24 • HH .5'i4 39 .16 
1. 14? -.0 2 1 2?.?ll • f,01< 36,IJS J, CM? - • 0 l \l 24.4? .c,c;4 39.20 
1.144 -.021 ?.?.?4 .6 07 v,,r,q l.2H4 -. n I 9 24.4h • !,'i3 39.25 
l • l 4F, -, 0 ?] :~?.?7 • (; Ob 3(i . [4 J, ?Ml; -. tl 14 2:i.00 ,c;c;2 3Q. 29 
1. [4 A -.O?I ?? • ~j) ,f. ()c, _1n. l .... l . ?t< 'l - • 0 1 'J ,c!',. f) '.l • c,c; l 3'-1.33 
1 , l 5 0 - • 0? l ?2.3:, .h 04 ·11,. ,'.4 l, 2'-10 -. (! 1 'I 25. 07 .sc:;1 39.38 
l. 1 c;c -. 021 i:'? . 3 4 • F,()4 :1t--. ?~ 1,2'1 ? - • lJ l '1 ?':,. 11 .i.;c; o 39 • 42 
1. l r:;4 -. 02 1 22 .4 3 . 603 3t> . J3 l , 2'14 -. 0 1 9 2!'>. l c; .549 39.46 
1 • 1 'in -.021 2?.47 .60? 3 h . 3~ l. ?-;F, -.019 ?':,.19 .'i44 39,. 50 
1. l " h - • 0·2 1 22 ." l ·"01 Jh .1+ ,) l • ?4h - • II l 'l 25.23 • 541:< JQ.55 
l , I,; 11 - • O?. l ?? .',', • f,Q ii jf, • 4 7 1. 1!i0 -. lllH 25.27 • ',4 7 39.',9 
1. !Ii? -.O?l ?? • ,;9 . sou "'·"·' l. 3J? -. I)] H 2'i,:!l .:-46 39.63 
I. I n4 -,0?1 ;>? , "':>. • "> 9'< '.<n.c,h 1 . 304 - • () 1 H 25. 34 .<,41, 39.67 
1. )H, -.O?l 22 ·"'"' . 54'! ~'h . I:, l 1.1 0 h -. () l >l 2':>, 3H .54<; 39.72 
l.Jh A -. 0? 1 2? . 7 •J • ',Q7 ::Sn .bh l. 108 - • (J l >l 25.42 .544 39.76 
1,170 -,0 2 1 2?.74 .C;-Qh lh. 7 r, 1. 310 -. 0 1 1:1 2!'>.41, .544 39.80 
1 .• l 7? -, [)21 2?. v, • ',9 r, -~ h . 1 t, I ,:JI? - • IJ I >l 2~ .• 50 .:'-43 39.R4 
J. I 74 - • 02(1 2?.~~ . ~'JS 3h • .,,., l,) !4 -, OJH 25.54 .542 39.iJY 
1. J 7~. -.02 0 2?.R6 • ~LUJ ~,., • k4 l.:lln - • o I,; 25. 5R .541 34.93 
1 •] 7 H -, 0?0 2? ,Q1) .',C, J ]A . 1-19 1, 3) R - • u l,; 25.6c ,541 39.97 
1,18 0 -. O?O c?.'d .c;q;, ~f, .'-' 3 1. 320 -. Ol H 25.h6 • 540 40~01 
l.]H;> -. fJ?O 22. <, I • '>4? 1', . 9H 1.3 22 -.olH 25.t:,9 • 5'l9 40.05 
l.lP4 -. 020 2:,. (1 1 • C, t ~ 1 17 , IJ.3 1.324 -. 1) 1,; ;,c; . 73 ·"39 40.10 
l. 1 Hr, -.O?IJ z:i.n"- ·"" (j(J J 7,U7 1.32A - • 0 lil 25. 77 .ci 3H 40.14 
l.l Rk -.O i'O ?.] • (l~ • ',P9 :1 7 , l ? 1 • . ,21-< - • \I l 'l 25.il 1 .537 40.!R 
l. l 90 -.0 20 ?. '.l. l j , 58H 17, l r, l. 3 10 - • (l l fl 25 .• H5 .536 40.22 
l. 1 Q2 -,0 20 ;:>J.]7 • :-'lH 17.? l 1. ·n? -.01~ 2:, .• 89 .!'>36 40.26 
1, lq4 -.0 20 2 :1.? l . 587 ~7 . ?~ 1.334 -.ot a 25.93 .535 40.30 
1. I c;,, -.020 23.?'i .i..;kt:-, 3 7. 3(, l. 3_,,. - • (I 1 >l 25 .'-17 .r:;34 40.35 
l. l y,; -.n2 0 2 :1. ?tt ,5R5 ., l • .,., l • 3 3 R - .111 'l 26. 0 l . 514 40.3'! 
l. 20 0 -. 0?0 21 , Ji:: .5'l5 .1 7. .l" 1. 340 -. U 18 2'>.04 • 5 .13 40.43 
l. 202 -.0 20 21.1n • !, f, 4 37.44 1. 342 - • 0 l H 26 ., OR .532 40.47 
l, 204 -.020 21.40 • 'iRJ 17,4H l. ]44 -.018 2n.12 .532 40 • 'i 1 
1,20h -.020 23.44 . 51<2 ':,7 ,5 3 [ • ]41', - • ll 1 >l 26.16 .531 40.SS 
J. 2n>< -. o?o ?:i • 4 i:{ .5H l '37 , 'i7 1. 34f1 - • 0 l !1 2n.20 .530 40. C,') 
l. ;:, Ir, - , 020 ?3.c.2 ,">"l 1 i. a? l. 3'10 - • 0 l tl 2h.24 ,529 40. f,4 
l .21? -.020 2 l .c;h • ':>>:i\J J /. f,h 'l . 3~? -.OH 26,?l:l . 529 40. f,t; 
l.?}4 -.0 20 21 ,h(I . S 1 <..J ·n. 11 J • J::,4 - • 11 l H 26.32 .528 40.72 
J .2 l n -. 020 ? :1, f 3 • C,7K 17 , 7.., l, 1'i6 - .111 H 26.36 .5?7 40.76 
1.21H -, 020 ?.'j,H ,57iJ Jl, f:< I) l."l 5A - • 0 l il 26.3Y .5 2 7 4 0 .RO 
1.??o - • 020 Fi,71 • ':,7 / 11, ,..,4 l. ·ioo - • I) l" 26. 4 .1 • S26 40.84 
1,222 -. 1120 ,:'1, 7.., • 'i7', Cl, 7. i''i 1.3',2 - • 01 'l 26 .47 .5?5 40.HH 
l. ?,?4 -. O?O 23, 7 ,.; • ">7"> :< 7 , Q 1 1 . ,04 - • (l l M 2o.cil .S 2"> 40.42 
l. ??6 -. 020 ~ ·'..t. /-( :i • ':, 75 ~I • "Jr, l.}hh - • u l I:! 2h .'> 5 • S?4 40 • 91', 
1. 22>'< -.() 20 23 ,R7 • C,74 3M . 0 (.' l.:",6"< - • () 1 >i 26 . 59 . 523 41.00 
1,230 -,0?0 ?1.9 1 ,571 '" . 07 l .110 - • OH! 2 6.h3 • 'i23 4 J. 04 
1.23? - •. Oi'O 2:i . c,s ,S7? lii, 11 l. 37? - • 0 l Ii I_(:,. 6 7 .c,22 4 I, OH 
l, 234 -.010 ,? :{. (Jii ,',71 '"•I.., l .174 - • I) 1 t! ?b.71 .521 41. 13 
l.23f. -.019 ?4, (li' ,C,71 3µ, , r'll l. ·nn - • (J 1 7 21'>.74 • :'-21 41 • l 7 
l. 23R -.019 24,0h ,">70 ),;.t . 21+ l . 37R - • ll 1 7 ?f>. 78 • 520 41 .21 
1. 240 -.01 9 ,'4 •] I) .5f,9 lii . 2'-1 l.)RO - ·" l 7 26.82 . 5 19 41.25 
1 .24? -. 0 1 9 24 , 14 .Sho Jf<,33 l.3H? -.017 21,. 86 ,519 41.29 
I. 244 -.014 ;>u. Jf' . ',l',j ].f'I • )H l.3n4 -. 0 17 2n.90 • S 1 il 41 • 33 
I .?.4h - • A ]" 24 . 2; • S r... 7 :~;. . 4? l. 3Hr, -. 0 11 2n.<>4 .517 41.'3 7 
1 • 24A - • 0 l 'I ,'.4, ?t. .c;,hf.. 3i:t .4h 1.31<>' -.017 21'> 0 9A • c; 1 7 4 l • 4 l 
1. 250 -.01" <'4 • .30 , S,t-5 ·11, .cil 1. 190 -.017 21. n;:, • 51 (i 41.45 
l.2'i? -, Ole, ;>4 .13 .5h'i 1 ,; . ',C, l. 3'1? -.017 27.06 ,515 41 .49 
l.2'i4 -. 0 1 9 24 . 3 7 , 5h4 J .>i . f,(I 1. 3·;4 -.017 27 • Oll • 51 !'> 41.53 
1. i"'ih -. 019 ;.,4, 4 1 • C,f:3 :l>'. h<+ 1. ~'-It', - , IJ 1 7 27.13 ,514 41, 5 7 
1.25P - , 0 l '7 ?. 4 , 45 ,5h2 3~ . 6H 1. ·;yF< -.017 27.17 .513 41 .61 
1. 21;0 - • 0 l c; ?4.49 .51;? 11<. 7 ·, l. 4 0 0 - • f) l 7 27 .21 .512 41 .65 
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TABLE A. IV. 2 (CONTINUED) 

T I. to KM [J T L to KM [J 
(s) 0 

(s) 0 

l • 4 0 (l -. 0 17 ?7.?l ·" 12 41 .n.., 1 • 540 -.Ulf> ?.9. 93 .4Ae 44.31 
1.40? -.017 ?7 .?'> .Slc ,.1. ,-.~ l .S4? - • ll 16 29.97 .4n7 44.35 
1.40 h -. 017 27 . ?~ .'ii l 'tl. '/ 3 l • ',44 - • 0 l 1:, 30 . 01 • 46 7 44.3'1 
l .4flh - • I) J 7 ?7 . :u • ':i l l 4 l. 77 1. 'i46 - • 0 I'> 30. 0':i .4hh 44.42 
I. 40~. -. 017 21 . ·n • S l 11 4 I • fl l l • 54H -.016 JU• 00 .4h 6 44.4 6 
1.41 0 - • 0 l 7 ?7.41 • c; o y 4 l • b':, 1. ', ",Q -. fJ 16 30.13 .4h5 44.50 
] .4 l? - • 11 l 7 '?_ 7. 4 4 .snq 4 l. ;,l.,i l. ':,",? -.Ob 30.17 .4b4 44. ':i3 
].414 - • (l l 7 ?.1 . 4~ • '>O~ 4 l • 9 3 l. 5"14 - • 01 '.'> 30.20 .464 44.57 
l.4lh -. i1 17 2·1 . "'-r. • S07 4} ."4h l ."i'>h -. u 15 30 . ?4 • 41:,3 44 .60 
l • 41 R -. 0 17 2 7 • ~~ n • '- 0 7 4,.J. OU l . <;SR -. Oh 30.2R .4h3 44.1:,4 
l. 420 -.017 c7. r- •J .~nh t:..r. 0 4 1 .-it>O - • l) l '"j 3o.:i;, .462 44.hb 
1.4?? -. 0 17 ?.7.f,4 • 'i O"i 4 ~ • ( lh l. ~6;;, -. l) l ., 30 .36 .461 44.71 
l .4?4 -.017 27.~« . ', () ', " " . l ? l • ',f:>4 - • 0 l '> 30 .40 ,461 44,75 
l.42f- -.017 27,7 ?. ,S l)4 '- 2 . lh l .">bh -. u l ', 30.44 ,460 44.78 
l ,421' - • (lj 7 ?7. 7'> •L, 1)J 4,) • ('(I !.Sn" -.o I', 30 ,4 H ,460 44 , R2 
1,430 -.017 ?7.7"-i .'i fi .l 4? • ('4 l • ~' 7 O - , 0 1 ':i 30.5? ,4'o9 44, R':, 
1,43? -.017 ?7.><3 • "1? 4 ? . ?<i i . ">77 - , 0 l., 30, S':i ,45R 44,'l9 
1. 434 -,017 ? 7. ~7 • S (l l 

"'· V 
l • .., 74 - • iJ 1 ':, 30,'>9 • 4'il1 44,93 

1,431, - • 0 l 7 27.'il • :iC l 4t' • .,h l ,'i /1, -, 0 1 5 30 .63 ,457 44.qb 
l ,43A - ,0 17 ?.1. "'i .so n 4?.411 l, ') 7 A - , 0 15 30 ,h7 ,457 45,00 
I. 440 - • n I 7 2 7.0 C. .4'-4Y .:. 2 . , .. . ~ l • ~ i:10 - • u I ':> 30. 71 • 4':,f, 4'i. (<j 
l,44? - • 0 l 7 I.M. <1 3 . t+"-1 9 4 ~ . , .. 7 l .','J? -.Oh 3 0 , 75 ,4 ':>5 45,07 
1.444 - • 0 l 7 ? P. . f• 7 • 4 ·~;.. u ;, . s 1 I . ',-J4 - •!JI '5 3 0 , 74 • 4',':> 45, l 0 
1,44b -. 017 28 • 1 IJ .447 4 2 . S ', ) ,', Mh - , 0 I'> 30,><3 ,4 'i4 4">, 14 
1, 44-'< - .017 2R, 14 • 4c. 7 4 /".' .,Y ) • 'iK'< - , V l '> JQ,Ht, ,4',4 4,;;, 1 7 
1,450 -. 0 17 28. 1 >< .4 Yh 4 I. h'.1 1. -,yo - , 0 l '> 30,90 , 4'i 3 4S,21 
l. 4">2 - .017 r:~ . ?? • ·:+"-t~ ~?.b7 ) , ½Y2 - , 0 15 JO.Qq • 452 4':,,24 
1.4',1. - .011 ?'<.?h .4G S ·+?. 7 (\ 1 . s;..J4 - ,Ob 3 u. 4,4, , 4 5 2 4e>,28 
1.45h -. 0 17 2>-'- . :..c 11 .444 4,). 74 l • ', ·ib -. ()I':> 31, <i? , 4"> I 45, 31 
I .45 rl -. n l n ?. ~ . ~i 't. .444 4~. 7r1 1 .',9'1 -, Ob 31, (If, • 4 5 l 4S,35 
I , 460 - ,Olh 2c<. 3d • 4 ,:,3 4 / . n? l.hl/ 0 -. () l :1 3 1,10 , 4':iO 4':,. Ji; 
l,4h? -. 011, 2H.4('. • 4.:,z 4 ;. • ~, t-- l. '1 0 ? - • ll l '.:i 31 , l 4 • 4',Q 4'i,42 
I. 4/i'- - • 01 ,_ 2H • 4 "1 • ~ Y? 4 / • ~ ( I l .1,04 - • G l !-> 31 • 1 i:< .44q 4'1, 4':, 
J .4H-, - • :J 11i 2H.4Y , 4 ,c, 1 4- / . <.;, -~ l .n(Jh -. oh 3 1, ? I .448 4:,.4Y 
1. 41',P. - • 01-' ? ,; • " j • 4 ·~(, 4t:'.97 l.;., {)d -,0]5 .:n. 2':, .44 ~ 45,52 
l.47 0 - • n 1,. ?R, ':- 7 • 4<;() 4,. IJ I l. 6 l 1J -,01 5 Jl,2Y ,4 47 4">,S6 
I .4 72 -. o 11, 2H,fl .4 BCJ 4 .1. O'i l ,f, l? -, lll:i .l l, 33 ,447 45,59 
1,474 -. Oil· 2-'< .h5 .4 <\11 4J . n ~ l , h l 4 -, ub 31 , 3 7 ,441, 4S.n3 
l, 4 7r. -.O l b 2fl ·"" .4H>-t 4 .< • l ~ l • "1" -. 0 I'> 31 • 4 1 .4 1+~ 4:'l . 6b 
l, 4 7 H - • 01 h 2><, 7 j • 4 rl7 4..i.lf· I • h l" -,Oh 1 1. 4':, , 44', 45 • 7 0 
l. 480 -.Olh 2P..77 • 4 ;~ 7 4 3. ?(1 1, 1- co -,Ob 3 1. "'< ,44 4 4',, 7 J 
l .4fl? -. ou, 2/'. •~II • 4"b 43. 24 } ,he_,' - • (I l ':> 31. 53 ,444 4'5, 7 7 
l.4H4 -,Olh ?R.f-..4 ,4 t< ') 1.3. c'H l. he.I. -, 015 3 1, 56 ,443 45.RO 
l ,<tHn - • 0 l I, ? P. . !-~ • 4.MS 43.31 I ,hi-'.h -, u I 'j 3 1. hl1 ,44.l 4S,H4 
l. 4R>' -. Olf, 2H ,4 ,' •4 K4 4 ·1 • .'l'; l.h2 ,-l - • Q 1.., .1) ,h4 .44 ? 45 , Ii 7 
l . 49•) - • () l,; Cr, • Yh . '•,.. { 4. ,1. jl.; l.t->J 0 - • "1., :11, f, R ,441 4'i. 9fJ 
l,4Y? -. o H, ?. U • OU • "»J 4 _·1. 4 ·1 l. ,., 3,, - • u l., 1 1. 72 ,441 4"> , '14 
1. 4Q4 - • u 1 f, c' -/. r14 0 4 H2 ,. , • 4f 1 . .. .l4 -,f)l:, 31 ,7n ,440 4",, Y7 
1.49 h -.Oln ,'Y • C.'< • 4 'i c' 4 j • :,0 l • t-1.i f) - •,JI-, 31, t, n .440 4h,01 
1 .44>' - • n 1 f, ;,q ' I? .4~1 4 _.l • ',4 l 0 6 JH - • 0 l ':i :ll,84 ,4 ·;y 4h,04 
1. 50 n - • 0 If, 2"-'. 1 ~ .h >-10 4 ·::. SM l.h4 0 - •I.II:, 31 , 'lrl • 4.39 46,0H 
I. 50 ? - • () l r, ? " .I ·~ • 4 "() 4 j • h [ 1. fl 1+C - • u l ', 3 l." I .43H 46, 11 
l. 504 -.Ol b ?'>. ,) l .47 '-' lt. J . bl.) ) .1-\'+4 -, (11'.', 31 , 9':i .4 .i? 41->. 14 
1. ',On - • () l" ?~ . ;; 7 • 47 1:1 4 3 . '"J~ l . r,4 h - • u I'> 3 l • Y9 ,4J7 46,lo 
1. ",O H - , n 1 h ? Y 0 ll • 4 7'l '• 1. 7 J l ,b4 H -. ll l"i 32. 0·3 ,4 .l/:, 4n,21 
1,510 - • n 11, ,,..,_ ·15 .477 4 3. 7h l ,f,':, Q - • iJ l., 3i , fl7 ,43b 46,25 
l. 51? -.Oln ;,q • 14 .477 4 i • M r) 1 ·""? - , 0 l:, 32, 11 • 4)'-; 4n.2H 
1.514 -.Cllr ?.'1 . 4 3 • 4 7ti 41.~4 l • h">4 -, Ul"> 3?, I <; .4 :J', 41'.,31 
l.':ilt-> - • 011, 2q . 4 7 • t+ 7 c:., 4l 0 R7 1 • ',',t, -. n l-, 32, 1 4 , 4 ~4 46,3:, 
1.51H -, OH, .?4.t..lJ .47S 41,91 1,n:," -, 015 32.23 • 41 .3 46,3t! 
1.5?0 - , o I b ~Q .t._ 4 .474 43.'6 l.hf,f} -. 014 Jc,2'> , 433 46,41 
I ,522 -. Olh ,'Y , 'i ,< .47 :l 4 3 , 'l>l l. ht.2 -, 0)4 32,30 , 4 3?. 46 ,4 ', 
I .S24 - , 0 l I- ;,>Cl .t-- 2 • 4 7 .l 41,... PC l ,h t, 4 - • 0 I 1+ 3?. . ]'t .412 4f, ,4t! 
I .'.:i2h -, Olh r'll.f.h • 1.12 '-4. Oh I.H,h - • ()j 4 32 , :rn • 4 .l l 46,51 
1.5 ;;,H - , f) 16 i''l.70 .47 2 41 •• (J'-J l ,1,1,,i -,014 32,42 .411 4h,55 
1.530 -,016 zc, . 74 ,471 44,) l I." 70 - , 0 l 4 32,4h ,4 30 46,Sfl 
1.53? - • f) 1 !, zc,. 7 1:l , 4 7 0 44.1 7 1, 6 7? - , (l )4 32 , 50 ,430 46,62 
1 . 534 -.011, ?Y . P!. • 4 70 1.4. ;.>Q I. 6 74 -,014 32.54 ,429 46,65 
l . 536 - ,OI i: 2c.,p5 • 1i..69 44 , 24 l.n7h -. 014 32,'iH • 4?/l 46 , 68 
J .'i3P -,Olh ?'I, l'.4 .4 h ~ 44. r.i-< l • >, 7H -, 014 32 ,61 ,4 ?R 4h ,7 2 
l ,'i4 1J - .Oln ?.~.'-'3 • 41,li 44. :·n I .h ilO -. (114 1c..h"> ,4 ? 7 4h, 7'-i 
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TABLE A. IV. 2 (CONTINUED) 

T l to KM D T L to Kl1 D 
0 (s) 0 

(s) 

l. nf'O -.014 _;;;,.£,5 • 4?.7 4h. 7c, l . dCII - • 0 I .l 3:,.37 .390 4R 0 97 
I 0 hRc' -. 0 14 -:1;,;.--.,Q .4 ?7 46.7", l • ,;,> ;:> -. 0 13 35.4] . 3119 4Y 0 00 
J .i,fi4 - • /l I 4 ·1?, 7J • 4/1) 4b.fq 1.i.i2 .. -. 0 13 35 .«'1 • 3 ,~q 4Q, 03 
l. hkh - • (1] 4 J? .77 .4?.h 4h • R", 1 0 i-1~A -.IJ!3 3'>.4'-' • ~HIH 4'l.06 
1 . f,f<>J - • II 14 v . ,q .4 ?S 4~.HH l .><2" - • I) l J 3S. '>3 • 3Atl 4'l. Q', 

1. 691) -.014 ~2.M~ .4?.S 4t°'. ':11 l. /\30 - • 0 l .:s 35.57 • 3fl 7 4'l. l 2 
l .69 ? -. 014 J?. • .,.., • 424 4"1. 4S l. >< .l? -. ou 3!', .6 l .3117 49.15 
1 .h'-14 -. 0 14 1;:,,n .4 ?3 4h. 9,.. l,>134 -. 013 35.6'> .31<6 4Y 0 ltl 
l , 6<H, - .111 I+ ~?.. \JI) .4 ?. i 47. 0 l 1.,un -. 0 13 .3",.t,<; •. 3>'16 4Q •? l 
l. h'lf' - , 014 :11. fl fJ . 4?c 4. -, • IJ°".' J,,q;. - • iJ l 3 .3 1.) . 72 .3il5 49.?4 
l. 700 -.014 n.('4 .4??. u 7. O>< J 0 K40 -. ,Jl..l 35.16 .,AS 49.27 
1.70? -.014 31.(i~ .4?1 4 7. l] 1.><4 ? -.1113 .h .RO .JR4 4'l.30 
1. 704 -.Ul4 n.u • 1• 21 r+7.l4 1 • H"+t:;. - • n I 3 3':>.R4 .3R4 49. 33 
1. 70h -.014 33 .] t:, .4?0 4 7 . 1 h l o1"4h -.01 3 3'>. Rf! • 3113 49.36 
1.70k -. 0 14 33 . ?0 .4?0 4 7. 21 l .;.:14H -.I) 13 3':>.'i? .3,n 4Y.39 
l.711.1 -. 014 33 . ?4 0 4I Y 47.2<- l. ~~,Cl -. I) 13 35.96 .3 R2 49.42 
l. Tl? -.014 .iJ.?R 0 41H 47.27 I. H':);, -. 013 36 . 0 0 .3H2 49.45 
I. 714 -.IH4 D.31 .4] b 47.31 I. R':>4 -.013 3,:,.03 .JHJ 49.48 
I.711- -.014 .U.:J':, .417 47.34 I.>'< ':>6 - • 0 I 3 36.07 .3AI 49.51 
J.7J;; -.014 -i .1. 1'1 .417 47.37 l • ><:,H -. 013 3ti. 11 • :JRO 49.54 
1. 720 -. 014 3 '. 4 3 .416 4 l. 4 (J l • >Jr, Q -.on Jb.15 • 1':l 0 4Y ."> 7 
l. 72? -, 014 31. 4 7 .416 47.44 I .>-s f:,? -.013 36 .19 • .374 49 .60 
I. 724 -. 014 ·n."'1 • 4 I 'i ,. 7 . 4 7 I. Rh4 -. o I 3 31,.23 .379 4Q.h3 
1.721, -. 0 14 11 • ..,5 • 415 4 7. ",() J.tlhh -.013 3n . 2 7 .3711 49.t-,t, 
] • 7?P. -.014 D.',c; .414 47.5~ 1. il6'1 -. 0 13 3o.31 · .37H 49.69 
l. 730 -. 014 l3 .1- 2 .414 47.57 !.><In -.(Jlj 31-,.)", . 3 77 49.72 
l. D? -.014 ·n .1- " .411 4 7, t,u I.hi? - • ll 1 3 16.3H • 3 77 4Y. 7':> 
1.734 -,014 33 . 70 • 4 I 3 47.bl I. 0 7 4 - • 11 I :1 3t .42 . 176 4'-1 • 77 
1, 73;, -. OJL, 13,74 .41 2 4 7. /:I- I . hlh - • rJ I 3 36.46 • :, 7n 49.f\O 
1 • 73K -. 014 J3.7M .41 I u. 7 _,.,q l. P. TR -. li I 3 3b.:,0 .375 4Q 0 R3 
J • 74 (1 -. 014 .l3 . R? • 4 I I 47.73 I. ilriO -. u 13 36.54 . 3 75 49.86 
I. 74;, -.01 4 33 . Ph .410 4 7. 7 f.c I. n'l? - • o I 1 36.58 .374 49. 'l9 
1. 744 - • (J 14 33 , 'lO . 410 47,7'-I 1. ~44 -. 013 3h.62 . :374 49.92 
1,74h -. 014 :U .94 .4 09 47 0 1'? J.><Kh - • 0 I .l 36.66 • . H3 49.QS 
l, 74H -. 0 14 .13,97 .4 0'1 4 /. I:!" I. >P:l '< -.013 36. 70 • 17 3 4'l.9H 
I. 750 -. 0 14 34.0 ] .:40H 4 7 . >,f< l. '190 -.013 3b. 73 . :He 50 .0I 
1.752 -.014 .l4 , ()':, .40R 47.'12 I.R4? -.013 36. 77 .372 50.04 
1.754 -.0}4 J4.09 .4 07 47.'6 1 .~44 -.013 Jr, • .f< 1 • 371 50.07 
I. 7Sh -. 014 34 . I 1 . 4117 ,~7 .Y t~ 1. R-,t, - • 0 l J Jt,.H.; . 17 1 50.0Y 
I. 7SR - • o I" 14.]7 .4 0f, 4>1. tl I I. ;>,<;H -. 013 36.89 .370 50.12 
I. 76 0 -. oi~ 14 0 ?! .4 06 4>1.04 1. '100 -.UI] 36.93 .370 50 .1 ':, 
1. 71i? -.0]4 34 . ?':, .4 05 48 0 07 1.90? - • o 13 36.97 .169 50.18 
l.7h4 -.014 14 .?9 .404 48 .11 1.904 -.013 37. ·01 .v,9 50.21 
1. 76f- -.014 :14.32 .404 4K • 14 I. 9u,; - • 0 1 3 37.05 .368 50.24 
1, 7f>H -.014 ]4 .3 6 • 403 4K. I :1 I . 908 -. 013 37.0R • . in8 50.?7 
1.770 -.014 34 .u ll .4 03 4,;. 20 l. '-'10 -.1113 3 l .l? .3f>7 50.29 
1. 77 ? -, 014 .14 • 44 .402 4'1. 21 l .91? -. 0 Jj 3 7 • J 6 .367 so. 32 
I. 774 - • ~ I 4 "34.4K • 402 4f<. i'6 I. 9 14 -.OJ::! 37.20 .3M> 50.35 
I. 77'1 -.~14 14.52 .401 4'1 . 2'1 I. 'I 16 -.013 37.24 • 3ht> 50.3R 
l • 77K -.014 Ju.S6 .401 4 >i. 3 3 I 0 9JP -.013 37.?A • 3n5 50.41 
I• 7fll) -. 014 ·14 . f,() • If ()i} 4ri . ::, f- 1. 'l20 -.013 37.3 2 .:Jfi', so• 44 
1, 7P 2 -. 013 34. f-4 .4 00 ,,.~. ]4 I .4 ic? -.o 13 37.3h .364 so .47 
l. 7R4 -. 013 j4. f, 7 • 'JQ'-1 4}; • 4 ? 1. 4c4 -.1)12 3(.40 • 3'14 50.4'-/ 
1.786 - • 1)13 .l4. 71 .394 .:.. ,..; .4 ~ .1.-.ci-, -.Ol e 37.43 .3r,3 50 . 52 
I. 7Ril -.013 ]4. 7", .3'lfl 4>1. 4H I. 42>< -.012 37.47 .363 50.S":> 
J. 79 0 - • p l 3 34.7Y • 3'l8 4>J. ">] I. q ·io -. n I 2 3 7 • 5 l • 3fi2 50. ",,l 

1. 792 -. 011 l4 .HJ • ](J 7 4h.")4 I. 43;, -.012 3 7. ':15 . 3n2 50.61 
I. 704 -.013 34.1'7 . ]41 4t;.':>7 \.4 :l4 - • U Ir. :37.59 .361 50.63 
1. 79h -.013 .l4.<;i • :,-i,., 4H.h (I I. YJh - • o 12 37.63 .3hl ':,I) .66 
l • 79 R -.013 34. Ci ', • :l % 4tl 0 t,J l • C,)K -. 012 37.67 • :J6 l 50.69 
J.AO O -.013 34.0<; .1Q5 48.f:>7 1. 940 -.01 2 37.71 .360 50.72 
1.802 -.013 3'1 . 02 .3Y5 4H • 711 l . 94? -. 012 37.75 .31',0 50.75 
l. "104 -.013 3:, , (l f:, .:194 4M •] ] J. q44 -. 012 37. 7R .359 50.77 
J.HOli -.013 ]5, 1 ,, . 303 4 K • 7 f- l • 44h -. 0 12 3 7 • R2 • 3"i9 50.RO 
I. RO;; -.013 ·is. 14 .3Y] 4,;.79 I .94 R -.012 37.86 0 35A 50.83 
1. KI 0 -.013 JS• J;, .392 4R • cl2 I. QSO - • 012 37.90 .358 50.R6 
I. 812 -.013 15.22 • .JQ2 4'1 0 HS I ."IS? -.012 37.Q4 .::l57 50.89 
I .RI 4 -.013 35.26 .391 4H • f,>, I• '~54 -.012 'I 7 • ':IA .357 50.91 
l. A I '1 -.01 3 3'>. 30 . 391 l+f-\ . 4 l 1. 956 - • 012 3,;. 1,2 . 3':i6 50. '14 
l .8JK - .!) 13 :,s. 34 • 19.0 4M .Y4 I• <J,R -.012 3fl.06 • 3St:, 50.97 
I. "120 -.013 3'i .17 • 3'-10 4 '"l • '-' 7 1.%0 -.Ole 3fl. I 0 .3':i5 51.00 
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TABLE A. IV. 2 (CONTINUED) 

T l to RM b T l to RM b 
(s) 0 (s) 0 

l. 91-,0 - • 01? .<I-<. l 0 .] 5S Sl.00 ? .ltJO - • iJ 11 40 . 82 .323 52.A4 
l .9h2 -.0 12 3;, . l 3 • 35'> 51. fl? 2 .1 02 -.o 11 40.Rf, .323 52.A7 
1 . 'l6 4 - • o 12 3H . ]7 • 3c,4 'i 1 • 0 "> ?.104 - • () J l 40 • AY • 322 52.89 
1. 9h f, -.012 .'!H • i:' 1 • 3'14 '", 1. OH c .! Oh - • 0 11 40. <J3 .3 22 52 . '12 
l.9t, H -. 0 l 2 jK • ?'i .353 5 } .1 l 2 . l On - • u 11 40.97 .321 5? . 'l4 
l. 971' - • 012 Ji, • ?Y • 3S.'l 5 1. 13 2 . 11 0 -. 0 11 41. 0 1 . 321 52 .97 
l • 97 2 -.012 3H . 3j .352 C. l. ln ? .11 ? -. 0 11 41. 05 .320 52 .99 
l .974 - • tl 12 3A .?,7 .352 "> l .14 2 . 114 -. 0 11 41. 09 .3?0 53.02 
1. 97h -.01? 3'1 .41 .3':,l .., 1 . ?? 2 . 1 l I', - • O 1 I 41. 13 .319 53. 04 
l .'l7R -.012 3R .4<; • 3'i 1 C,l . ,? 4 2 .ll R -.ull 41. 1 7 .319 53 .07 
1.48 0 - . 0 1? JH 0 4,l . 35 1 "l.27 2 .1 20 -.Lill 41.?l . 3 19 ",3 • 09 
1.98? ·-. 0 l 2 1H. C,2 . 350 'i I. )0 2 . \;:>? -. 0 11 4 l • 24 .31H S3.12 
l .984 -.n12 3H 0 'ih • J C,O 'i l. 33 2 . 124 - • i) l l 41. 21:< • 3 1 M 51 .14 
l .9An -. 0 12 3R.hfl . 349 51 . 3..., 2 . 12n -. 01 1 41 . 32 .317 :,3 .1 7 
l . 9 RH -.012 .l'< • h4 . 14'1 51 . JI-< 2 . l ?P. - • u 1 l 41. :Ji, .317 53 . l <; 
1.99 0 -,01? .rn . ~., • 34,; :, 1. 4) 2.130 -. 011 41.40 . 3 11, 'S3. 2 1 
l ,99 2 -, 0 12 1R , 72 • 348 '", l • 4 3 c .lJ? - .011 41.44 . 3 16 <;3.24 
l. 994 -.012 J><.7h .147 'd .4 h ·2 • l 34 -.011 41. 4'1 .316 53.26 
1. Q9h ·-, 012 3P. • ., 'i .347 5) 0 4Y 2 . l 36 - • o 11 <+ 1. S2 .315 ',3.29 
J .9Q P. -.ou JR , P.3 , 34 6 'il . 52 2 . 1 3fi -. 01 1 4 1 • 5" • 3 l 'i 53.31 
2.000 -. 0 12 j.S . f<7 • "341, ', l, ',4 c' .1 40 - • 0 I l 41. S'I . 3 14 53 .3 4 
2 .00 2 -. 01,' 3R .~ 1 , "l4'::, 51.">7 2 . l q? - , IJ l 1 41.63 .314 53 . 36 
2 .004 -. ll 12 JR • Q::, • 34<; "> l, t,O ? , J 44 -, 0 11 4l.h7 .313 53 . 39 
2 , 00h - • 11 l ? JH.'l9 . ]44 'i 1 • f,2 c • J 1>1, -. 0 11 41 .71 .313 53 .41 
2.00R - • 0]? l9 , 03 . 344 51. (:,'-; c' .l4 R -. 0 11 41 . 7":, .312 53.43 
2 .010 -. 0 12 39. n 7 .343 'il.1-,f< 2 . 1 '>0 - • IJ 11 41. 7q .312 53.46 
2,012 -.01? 3'-i, J 1 . J4] ">l.70 ? • l ':>? - • o 1 I 41 • "3 . 3 1? 53 .4 H 
?,0 14 - .0 12 ·ic, . l 4 ,343 51 . '/ :, 2 , l '> 4 - • 011 41.Wf • 311 53 . 5 1 
2. 0 l h - .• 01 2 i..:i , J f< . 342 5 1.,., 2 .] ':,h - • () l J 41. '-! 0 • J 11 53 . 53 
2.0lR -, 0 12 3'l . 22 , 342 51 .7 P. 2 .} '::,f< - • 0 11 41 . 94 . 3 10 51 . 56 
2.020 -. 0 12 ·,g . ?h • 34 1 "> 1,8 I 2 .1 60 -. 0 11 4l . 9f< .310 53 .', 8 
2 .0 22 -. 0 1? 1<.l . 30 , 341 5 1 .F<4 2 . l h? -. 0 11 42 . 02 ,3 09 5 1.60 
? ,0 2 4 -. 0 1? '" . 14 .140 c, l. Hh 2 , 16 4 -.011 4?. 0h .309 ">3 . 63 
? .0 26 -,01 2 .l9 ,1i< , 341) 5 1. 89 ? ,l ':,h - • 0 l I 4?. l 0 .30Y 53 .6 5 
2.02R -,Ole j<i ,4? • 319 51 .'ll c •J r,~ -.011 42. 14 .30R 53.6d 
2.030 -.01 2 jO, 46 • 334 <; 1. '-;4 2.no - • 0 11 4 2 .1 8 .308 53.70 
2.03? -, 0 12 J<; .4 9 ."3 38 <; l. 'l7 c • 11? - • 0 l l 42.22 .307 'i3.72 
2 .034 -. 0 12 39 , ',3 . 33H 'i l. 94 2 • l 7 4 -. 011 42.25 .307 ">3 .75 
2 . U3h - , 0 1? .1..:i ,cc 7 . n1 52 , (I,' c' , J 76 - • 0 11 42 . 24 .3 06 51 .77 
2 . 03A -, OP jC) , h 1 , 317 S2 . n<, 2 ,17 R -. 0 11 42. :i3 .3 06 53 .7 9 
2 ,04 0 -. 01? ··F:1 .t,~ , 33 7 S2 .07 ? • l ilO - . 0 11 4 2 . 37 . 30h 53.B2 
2 ,04 ,' -.01 2 .14 . 1-.,Y ,3 31, '>2. l O 2 .1 M? -.011 42.41 .3 05 5 3 . 84 
2.044 - , 0 1? j<.l. 73 . 33h 52,P 2 .l M4 -. 0 11 4 2 .4'i .3os 53.87 
2 ,046 - .012 :,ci,77 .33'> '", 2, l ':> ? • l '11:, -. 011 4 2 .4 9 .304 53 . 89 
2 .04 '< - • 0 12 19 , >< I • 3 3'i ',?, l R i' . I ts A - • 01 I 42.53 .3 04 53.91 
2 .05 0 -,01 ? 39 . ri4 . 334 Si' , 20 i' . 19 0 - • 0 l I 4 2 . :,7 .303 ',3,94 
2 . 05; -. 012 "JY . Hri . 31 4 ',2 . c'.J 2 .) '4?. -.011 4?. .60 .303 53 . 96 
2 . 0'i4 -. 0 12 3 -:; . 92 . 333 ">2 . 2', 2 ,} '-14 - • 011 4 2 .64 .103 ':i3. 98 
? . O">h - . 0 12 JC, , C,(, . "<33 'i2 , 2il 2 .1 9h - • 01 l 42.6H • 302 5 4, 0 l 
2,()', P. - • O l? 40 , 00 . -n;, ',2 . 3 1 c .l ;H -.011 42.7 2 .30 2 54 . 03 
? . OhO -.012 ;.,1 . 0 4 .31? 5c . :l3 c , ;,no -. 0 11 4 2 . 7,-, . 30 1 54.05 
? .Of- ? - .01? 40 . nr-1 .n2 ~? . J h r' . 20? -.011 '+ ?. . ~ u • :rn 1 :,4.("-l 
? ,Oh4 -,01 ? 40.lr' . D l ~ ? .::i J.J ,', ?1!4 -. 0 11 4i'.H4 • :rn u 5 4. l 0 
2.0f." -.()l? 41), 1 I, . :n 1 <;,? .41 ,) • 206 -.011 42.HR .300 :,4 .1 2 
?.Oh>< - , I) I ? 40, 14 ,1 )0 c,;, • 44 2 , 208 -. 0 11 4 2 . 9",' • 30 0 :,4 • 1 'i 
2 .07 0 -.01 2 4 0 . 23 ,330 52,46 2 . 2i0 -, 0 11 4 2 • 9'i . 2 9'l 54 .17 
2 .()7 ? -.01? 40.?7 • :,?'l c:..2. 44 2 . 21? -. 0 11 4,'.99 .2Q9 ',4 • 19 
2 . 074 -, 01? 4 0 , 11 . 3?9 ',? . 5 1 2 . 214 -. 01 1 4 3 .n J . ?48 54.?2 
? . 07f, -. 0 12 4 0 . 3,:, , :l?f< c;? . ':, 4 2 , ? 11:, - , 0 I 1 4 3. 0 7 .2'-lil 54.?4 
? . 07~ - • 0 I 2 4 0 .3 ',1 .,?8 S2.So 2 . ?lR - .11 11 4 3 .11 • 2'-1 7 54.26 
2,0HO - .n u 40.43 .327 "" .59 2 , 220 -. 0 11 43.15 .2'l7 54.29 
? .O R? -. 01? 4 0,47 .32 7 'i?, t> 1 ? . 222 - • o I 1 4J.14 .297 54.31 
? .OR4 -, 0 12 40 , ', 1 . v1 S? .A4 2 . 224 -. 0 11 43 • 2.1 .2 46 54 , 33 
2 , 0f<h - • () J 2 4 n . c,4 ,3 21, 5? . t,t', 2 , 221:, - • 01 I 4J. ? 7 . 24h '"-4 . 3b 
2.0P.H -, 0 12 40, ,, ;i . 321, '-,? , h'l 2 . ?.2P. - • 0 II 4"l 0 JO . 2<.l5 ",4 . 38 
2.0<lO -.012 4 0 ,h? .325 5?.7c 2 . 230 -. 0 11 43. 34 . 295 54.40 
2 , 09? - , 0 l l 40 , f,t, , 325 c12 • 7 4 2 . 232 - , 0 I 1 43.3R .29'i 5 4.43 
2.09 <+ - • 011 .. o. 10 .124 'i?.77 2.2.l 4 -. 01 1 43.4 2 • ?4 4 54.4:, 
? ,0 9h -.011 40,74 , 324 5;, ,7 g 2 . 2:,6 -.011 43.46 . 29 4 54 .47 
2,098 - • 0 l I 4 0 ,7~ , 323 5<'. . 82 2 . 23" -.011 4 3 . 50 . 2 93 $4.49 
2 ,100 - . 0·11 40, >'? .1?3 c, ;,i 0 1,4 2 . ?40 - • CJ 11 4 3 .54 • 2g3 54.52 
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TABLE A. IV .2 (CONTINUED) 

1 l to KM D 1 1. to \1 D 
0 (s) 0 

(s) 

? . 240 - • Cl l l 41 . 54 .2<.J3 ':,4 ..... 2 2 . 38 0 - • u IO 46.2h . 2t>"> 56 • 03 
? . 24? -. n 11 4 .1 .54 .29? 54.c,4 2 . 3hc' - .010 4o.30 .?h4 56.05 
? .?44 - • O·I l 4 l . f 2 • ;,02 S4 . ~)t'> 2 • .J>i4 - .0 1 0 4 b . 34 .?64 56.0 7 
2.? 4 h -.011 " ·' . h5 • 2'-12 '::4 .~M ? . 3c<h -. 0 10 4t,. 3iJ .<'63 56.09 
? . 241' -. 0 11 43.,-,c, . 29 1 54 . bl 2 0 ]KP -.010 4h. 41 .263 56 .11 
2.250 -.011 41. 7 3 • ?CJ I 54 . t,1 2 . 3'10 - • 0 1 0 46.45 .2h3 5h.13 
? • 2'-,? -.011 4] .77 . ?YO 5u . 6':- 2 . 392 -. 0 10 46.49 . ?.62 56.16 
2 .25" -. Oil 43.Pl . 200 ',4 . 68 2 . 3'14 -.01 0 46.">3 . 262 56.18 
2 .2"-h -. 0 11 41 . A5 .290 54 .7() 2.31./h -.010 4b.">7 .261 56.?0 
2 . ?5~- -.Oil 4 :i . P.C/ . ?P.'l ':,4 , 72 2.3<.Jll -.,no 4h.bl .?61 56.?2 
2.2h0 - • n 11 4 :l.'13 . 2fJ9 54 .74 2.400 - .0 10 46.65 .261 56 .?4 
2.262 - • 01 1 43.9 / . 288 S4 .7h 2 .4 02 -.010 4h.h9 .260 56,2b 
?.2h" -. Oll 4u. O O .2H •l ':,4 .7 9 2 .4 0u - • 01 0 4h. 72 • 260 56.28 
?.2hh -. 0 11 44.04 . 28 7 ",4. H 1 2 .4 0h -.n10 46 .• 7f, . 259 56.30 
? . ?bfi -,Oil q.4 • (lt\ • 2'l7 54 0 fU 2 .u Of' -. 0 10 46 .• ><O .?59 56.32 
? . 27(1 - • 0 l 1 44 , 12 • 2':>7 Sc. . • e~ 2 .4 l () -. 010 46. 1'- 4 • 259 ':,t, .34 
2.2 7 ? - • 011 4b..),., • 2'1',6 ',4 0 !;>< c:' . 412 - • n Io 46. nA . 25P '>6.31:> 
2.27 4 - • o l I 4u.cu ·• 2K6 5 4. 40 2.414 .-.010 4b • '!2 .258 56 .38 
2. 27h -.011 44.?4 .2 R5 54.92 2 .41 h -.010 46.96 • 25 7 56 • 40 
2.21µ, - • 0 I l 44.?>; . 2!l5 'i4.<.J4 2. 4 l 'l -.010 47.00 .257 56.42 
2 . 2KO -. 011 44 . 3 1 .2 fl"> ">4 . 47 2 .420 - • (J l 0 47.04 .25 7 56.44 
2 . 282 - • n 1 I 44 , ·,:, . 21:14 54 . 44 2 .4 22 -. 0 10 47.07 . 256 56.46 
? . 2Fl4 --. 0 11 · 44 . 1,; . 2>< 4 c;s . o 1 2 .424 -. 0 10 4 7 • 11 . 256 56.48 
2 . 28h -.Oil 44 . 43 .28 3 5:i . 03 2. 426 -. 0 10 4 7 • l "> • ?',6 56.50 
2 .2 f<H - • 0 11 44.47 . 2B3 t,', .O ", 2 .4 2fl -.'J l O 47 .1 9 • 255 56.52 
?.290 -. Oil 44 ·"' l . 2H 3 5', . (1/3 2 .4 30 -.010 47.23 .255 ',h.54 
·2. 29? -.01 0 44.~ S .?82 ','-,. l 0 ?. . 432 -.01n 47.27 .?54 56.56 
? . 244 - • 0 l 0 44 • ','j . 2il2 t.;'-,.12 r' .4 34 - • IJ l 0 47.31 .254 56,Sb 
? . 29r - ;0 10 44 .f. ·; . 2Hl 5 5 .14 2 .4 3 b -. 010 47.3:- . 254 56.hO 
2.24>< -.01 0 44 . ,, t, . 28 1 C,'i. 1 h 2 .4 38 -.010 47.39 .253 56.62 
2 .3 00 -.01 0 44.7 0 . ?RO ',5. 18 c' .44 0 -.010 47.42 .?53 56.f,4 
2 .3 02 -.010 44. 71+ . 2f'O 5",.? 1 c' .44 ? -. 01 0 47.u6 . 252 5h.66 
2 . 304 -. 010 44.7M • ?.140 "-'"> . 23 2 .444 - .0 1 0 47.5 0 .25? ';6. b 7 
2.30h -.010 44 0 P2 • 2 7-. 5S.2', 2 .4 ... h -.010 4 7 .54 .?5? 56.t,9 
2.30h -. 0 10 44 • ></:, • ?7'J '>5 .27 2 .44R -.IJlO 4T.5H .251 56 . 71 
? .31 0 - .0 10 44.Y{J . 278 5S.29 ?.450 -. 0 10 4 T .6 2 .2s1 56.73 
2 . 312 -. 010 44 . 94 . 278 S5 . 32 " .4",? -.010 4 T 0 66 .251 56.75 
2 . 314 - • o 1 n 44 . of< .27 8 5S . 34 2 .454 -.01 0 4 T. 70 .250 Sh. 77 
?.3lh - • 0 I 0 4c; , O l . 2 77 'i', . :jb ?. .4 5/i -. Ll l U 4 T. 7'+ • ?.SO 56 .7 9 
? • 31H - • 0 l r. 14 ':i • I)~ . 277 ':·" . 3H 2 . 45R - • IJ 10 4 r. 11 .?49 ',6 0 Rl 
2.320 -.0](1 4r..; . 0~ .27 ', ',C, .4 0 c .4bO - • 0 l 0 4 T • f1 l .244 56 . K3 
? . 32?. -.010 4"-. I :; . 276 '> "> .4 2 2 .46 ? -,010 4 T. 1-' 5 .249 5h 0 R':, 
2 .3?4 -. 0 10 45.17 . 2 76 5c; .44 2 .464 -.01 0 4 7. 59 .24A 56 .87 
? . 326 -. 0 10 45 . ? l .?75 C. 5 .47 2 .u 66 -.010 47.43 . 2 u8 56. 1-'9 
? • .3?'1 -. 0 1 0 4'i.?S .?75 i.:..~.49 2 .4 b'I -.010 47.47 0 24R 'if, .91 
2.330 -. ~10 u s . ?'-1 . 2 74 :,'i. 5 1 ? .4 70 -.010 48.01 . 2 47 56.93 
2 . 332 -. Ql O 4 5 . 13 . ?. 74 'i'i . 53 c' .47 2 -. 0 10 411.U~ . 24 7 56.95 
?.334 - • ~ l 0 45 . :lh . 2 74 55 . ':,'i ? .474 - • Ii l 0 4 8> . 09 .?46 5t> . 9 7 
2.33b -. 0 10 45 . 40 . 2 73 55 . 5 7 2 .47 6 -.010 48- . l? . 2 4b 56. 9fl 
2.33/l -.010 -.S.44 . 2 73 'i5.59 2 .47 R -. 0 10 4 1:½ .l b .2u 6 5 7.00 
? 0 .l40 -. 0 10 4<;. 4 A • ?7?. 5S.6 1 2 .4 80 -. 0 10 4 'f . ?0 .245 5 7.02 
?.3 u 2 - • 0 l 0 1•~. SC . ?72 ~5 .h4 t:' .4 k? -.010 41'! .24 .?4':i 57 . 04 
2 . 34 4 -. 0 1 0 4S , ",t, . 2 72 "'" ·"" 2 .4 :<4 -.olo 4f10 2H .245 ':, 7. 06 
2.34h - • 0 1 0 4'i.60 • 2 7 l 5 ">.b rl t:'. .4 il6 -. 0 1 0 41:1. 32 .244 57.0B 
? , 34R -. a 10 4', , h4 .271 'iS . 7(1 2 .4 1:lR -. 0 10 41'<. 36 . ?44 5 7.10 
? • ·350 -.010 4'i. hi\ . ? 7 0 "- 5 . 7? 2 .4 90 - • 0 I 0 4 8 .4 0 . 243 !:> 7. l 2 
2 . 35? - • 0 1 0 45. 7 l . 270 5':, . 74 2 ,4 '-1?. -.n10 4 8 .44 . 243 57 .1 4 
?.154 -. a 10 4',. 7-; . 27() <; c; . 7h 2.4Y4 - • o 1 n 4H.47 .243 57.lo 
2 .)'it', - • 0 l 0 45, 7'! . 21;,'l ",5 0 7H ? .4 '-ih -.010 4 >t . 5 1 .242 ':,7. 1 7 
2 . 35>< - • o 1 n 45. R3 . 2 69 'iS 0 HO ? • <t'iR -. 0 1 0 4'3.55 .24? 5 7. l <, 
2.1h0 -. 0 1 0 u'i. A7 0 ?.hR 5S.fll 2 . 5110 -.01 0 4".1.59 .242 57.21 
2 . 36?. - • 0 1 0 4',.0l • ?.6H '?~. M~ 2 .'iu ? -.010 4'l.63 .24] 57 .?J 
? , 36u - • 01 0 45.95 • 21',ll c..,5 . b 7 2 . 504 -.o l\) 4 8 . b7 . 2 41 ':,7 . 25 
? .)h f, -.Ol U 45 . 0Q • i:'f 7 5S . A<, 2 . ',06 -. 11 1 0 4H .7l . ?40 57.27 
? . 3hH -.01 0 4f1. n .i . 2h 7 sc, . ,n c'.5UR -. 0 10 48. 75 . 2 40 57.?9 
? .170 - • 0 l U 4t--.. Oh • ?. ',h 5', .'I l ?. . 51() -.010 4 A O 7 CJ . 240 57.31 
?.3 7 2 -.010 46. 10 . 2 f. 6 t;S . 9', 2 . 5 1? -.010 4H.H2 .239 57 .3 2 
2 • . 174 - • 0 l II 46 .14 .?.66 '-,':, . 97 2 . c, l 4 -.01 0 4 8 . K6 .?39 57.34 
2 .37 h -.010 46.I~ .i'6'i ",':,.9<;, i' . 51 h -.010 4 1:l .9G .239 5 7.36 
? .H>i -.010 4',. ?<' • 265 51:, . 0 1 2 . 51 "I -.010 4R 0 94 .?.38 C, 7 • 38 
?.3RO -.01 0 4h.? f, . • 21,c; "i6. IJ3 2.520 -. 010 4f:l.9tj 0 21A 5 7.40 
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TABLE A. I V . 2 (CONTINUED) 

T L to KM b T l to KM b 
(s) 0 (s) 0 

? • 5?.0 -. 010 4" . 9':! . 238 57 . 40 ? . hoO -. 009 51 .7 0 . 2 13 58 . 62 
? . 52? -. OlU 4'-l . O,' . 23 7 5 7.4 ? 2 . 1,1,;> -. 009 5 1.74 . ? 12 58 . (:,4 
,' . 'i24 -. 0 1 0 40 . 01:, . ?17 ':: 7. 44 2 . h/:,4 - • 1) QY ci 1. 78 . 212 58 . 66 
? . 5?A -.010 4 cl • ] U . 237 C, 7. 4':> 2 . 66b - • 0 1) 9 5 1. 112 . 2 11 58 . 6 7 
? . 5? fl -. 0 1 0 49.]4 . 236 'i 7 • 4 7 ? . hb>:< -. 009 5 1. 86 . 2 11 5A . f:,9 
? . 530 - . 0 1 0 4<:/ .17 . 21f:, 'J 7.4 9 2 . h 70 -. 009 51 . 90 . ? 11 58 .71 
? .'i 3? -. OOY 4'-l . ? 1 . 236 57 . 51 2 . h7? -. UOY 5 1. 93 . 2 10 58 .7 2 
? . 534 -. 009 49 . ?5 . 235 5 l. ':>3 2 . 6 74 -. 004 5 1. 'H . 2 1 0 5 8 .74 
2 . 536 -. 009 4Q . ?-J . 215 _,., _,,._ 2 . 67h -. uOQ 52 . 01 . 210 58 .75 
i' . 538 -. 009 4 9 . :13 . 2 34 C.,7 . ':>h 2 • f, 7 R -. 009 52 . 05 . 209 58 . 77 
? • 'i40 -. 009 44. 3 7 . 23 <+ :, 7. ':>t< 2 . h80 -. 009 52 . 0Y . 209 58 .7 9 
?.542 -.0 09 40 .4 l . 23 4 5 7 . t, l) t .682 -. 009 5 2 . 1 3 . 20Y 58 . 80 
? . 544 -. 009 44.45 . 233 'i 7. t:,? ? . h84 - • 1109 52.17 . 208 5A . 82 
? . 54h -. 009 4 0 . 4>;1 . 233 ~7.ti4 2 . ti>l6 -. u09 52. 2 1 . 208 58 . R4 
? . 'i4 A -. 009 44 · "'" . 23 :J 5 7 . I,':> 2 . h 8 R - .009 52 . 24 . 208 58.85 
? .'i 'i O -. 009 44 . "-f, . 232 "-7 . 6 7 2 . hYO -. 00'1 52 . ?fl . ;,n1 'iA.87 
? . 'i">? -. 009 4 \..l.f...(J . 232 ~ 7 . b9 ? . h'-12 -. 009 5 2 . 32 .20 7 5A . R8 
?.5'i4 -. 009 44 . h4 . ?32 57 . 71 ? .h94 -. 009 52 .3 6 .2 01 58.90 
? . 'o'i h -.009 49 . ,f,l; .?11 ',I. 7 3 2 . h9h - • 0 0'1 52.40 .2 06 51:1 . 92 
? .'i5 H -.009 4 Q, 7 ?. . 21 1 C, 7. 74 2 , 6~R -. 009 52.44 . ?.06 58 .9 3 
? . 'i6 0 -. 009 4 9 , 7 ,-, , 230 5 / . 7h 2 .7 00 -. (Jl)'I 52,4H . 2 06 SH .95 
2 . 5h 2 - , (109 4 4 . ~ !) • ::>JO c; '/. 7 A 2 .7 D2 -. 00 9 52 . 52 • 20'i 5R . 96 
2 , ':ib4 - • 004 40. f<J . 230 'i 7 . 80 2 . 7U4 -. 009 52 . ">6 . 2 05 58 . 9 8 
2 . 'ihh -. ooo 4'1 . P 7 . 2 ?9 <-.7 , t!2 2 . 7 0 h -. 009 52 . 50 • 20"> 59 . 00 
? . 'ihi< -. 009 40 , 0l . 229 "7 . H3 ? .7 0R - .009 52 . b3 . 204 59 . 0 l 
2 . 5 7 ~ -. 009 49,o S . 2?9 ',7 • R'i 2 . 71 0 -.009 52 . t:, 7 . 204 59 . 03 
?.57? - , 00'- 't9 . CJC, , ?2H ':, 7, H 7 i:' . l l i' - • U 0'1 52 • 71 . 203 59 • 0 <+ 
2.'i 7 4 - • 009 50 , () j . ?? P. ', 7 . t:<9 2 . 714 -. 00 9 52 . 75 . 203 50.01:, 
?..'i 7 6 -. 00'1 ,o . r1 • ?.?K s 1.,-, o ? .11~ -. UO'I 52.74 . 2 03 -. 9 . 01:l 
? , ", 7 A -. 009 so. 11 . ?27 <, 7 . Q? 2 . 71 R -. 009 52 0 A3 . ?02 59. 09 
2.5 1'0 -. 009 50 . I 5 . ?2 7 -.7 . 44 ? .7 2() - . un'I 5 2 . fl7 . 202 S9 .l l 
2.5H? -. 009 50 .] K . ?26 57 . <it, 2 . 722 -. 009 52 . Ql . 202 59 .1 2 
?.58 4 -. 009 ,o . ?r . 2?.b S 7 . <.H 2 .7 24 - • 0 O'i 52 . 94 . 20 1 c,9 . 14 
2 . 'i><li - • 00<:/ c, o.;,i- . 22 h 5 7 . 4'-' c. 72h -. 009 52 . 91; . 20 1 59 , 15 
2. 'i'< H -,009 50 . 30 • 225 'iH. (J l 2. 7 cH -.OU9 'i3 . 02 . 20 1 59. 1 7 
2.59 0 -.009 so. 14 , 2?5 ">>l . 01 2 . 730 -. 009 53 . 0b . 200 59 .l R 
2 , 'i9? -. 009 'JO , Jh , 225 ':i !:l . 05 2 .7 32 -.009 53 .1 0 . 200 'i9 . 20 
? . 594 -. 009 'i0.4 2 . ?2 4 5-< .U 6 2 .7 3 4 -. 0 09 53.14 . 200 59 . 22 
? . 'i91, -. 009 S0 . 4ti • ;:>;> 4 5H . 0'< 2 . 73h -. Oll9 53 .l H • l '19 59 . ?.3 
? . 'i9H -. 009 ">0 . 'iC , 22 4 ':>,; . 1 f) <' . 73R - • 00'1 53 . 22 • l 99 59 . 25 
2 . f:,00 - • (109 ~ r, I 7' ·1 , 223 5h . 12 2 ,7 4 0 - • 00'1 53 . <'6 .1 9Y 59.?6 
2 . h0 2 -. ooo ..;o . ci 7 .223 C,f< . 13 2 .7 4? -. 009 c, :;. 29 • l 9R 59. ?f:l 
?.604 -. 009 ':> O. b l . 2?2 ':>>\ , I 5 2 .744 -. 00 4 53.33 • l OR 5 'l. 24 
2.F,Oh - • 009 'iO . 65 , ??2 SR . 1 7 2 .7 46 -. 00'1 53 . 37 • l 98 54.31 
? . 60H -. 009 Cj(J . ~9 . 222 'i R. l H 2 . 74 fl -. 009 53 . 41 • l 97 59 . 32 
2 . li l 1) -. 009 '"ill . 7 3 . ?2 1 c;,-{ . 2') 2 . 7':>0 -. oo 'I 53 . 45 • 19 7 5 9 . 3 4 
? . 61? - • 001.i '-,() . 77 . ?? l '>fl . 22 2 . 75? -. 009 53 . 49 • l C/ 7 59 . 35 
2 . 614 -. 009 "" . I' 1 , 2? 1 L; -, . 2 4 2 .7 ',4 - . 011 9 53 , C,3 .1 96 S'l. 37 
? • t> l o -. 004 'i0 . 1'"> . 220 :,l< . ?.'i 2 .7 56 - • 0 0'1 53 • 5 7 • 196 59 0 3Y 
2 .hl H - • OO'l 'iO . Pr< . 220 5H . I. 7 ? , 758 -.00 9 'i.l . 6 1 • 1 QI:, 50 .4 0 
? • '>?IJ - , 004 'i O , <i? . ?;>O 5H . 29 ? .7 60 -. 009 53 . 64 • 1 'l5 5'-l .42 
? , 6?? -. 009 '")() . ~h . 2 19 'SA .1 0 2 . 7b2 -. 009 53.hr< • 1 05 59.43 
? • ,-, 74 - • ooci c, 1. on , ?. 19 <:,H . 3? 2 .7 h4 -. UOY 53.7c • 1 'l5 50 . 45 
? . heh -. oo ci 'i l .1 ·4 • r' l 9 ':i'1 . 3 4 2 . 7t-6 -. ooo 5 3 .7 1-> • l Q4 59 . 4h 
? . 6?f1 - • 0 09 'i 1. n,; . 2 113 'iH . 3h ? 0 7bH -, OOY 5 3. >'10 • 194 59 . 48 
? . 63 0 -. 009 c;J . 12 • 21 '< 'iH • 3 7 2 . 770 -. 009 53 . 84 • l 9 4 59 .4 9 
? • t, 3? - • QQlJ 'i l. l h , 2 17 'iM . ~LJ ?. . 77? -. UOY 53 . AR • 193 59 . 'i l 
2 .li ]4 -. 009 <, l , ?0 . 2 17 '-',; . 41 2 . 7 '" -. 009 53 .4 ? • l 'l3 C,Q . 52 
? . li3h -. 009 ; l . ?j • 21 7 'iH . 42 ?. • 77h -. 009 5 .3.96 • l 93 59 . 54 
? . 631' -. 009 'il .? I . 2 16 5R 0 44 2 , 77"- -. 009 53. 49 • 192 50 .c; 5 
2 . f-40 -. 009 '> l. :H . 2 16 ':,,; .4 6 2 .780 -.O OY 54.03 .1 02 5'1 . 'i 7 
? • 64 2 - • 00'1 'J 1. 3'> . 2 l h C,A.47 2 .7 H2 -. 009 <;4 . 07 • I 92 59. 58 
? . h44 - • Qo<; ., I • :;·; , 215 c,K , 4<./ 2 . 7 1; 4 -. OOl/ 54 .11 .1 9 1 c,9 . ho 
? ,t,4 h -. 009 'i I• 4 1 .215 ':>1:1 . 'i l 2 . 7!:l6 -. 009 54 . l 'i .1 9 1 59 . h l 
2 . ', 4 t< - , 00<./ ; 1. 4 r . 2 1 '> 5H . 52 2 .7,;A -. 00-1 54 .1 9 .1 9 1 'i 'l . 63 
2 . 6'iU -.0 09 '> l , "-1 . 2 14 5 t< . 5 4 2 . 7-,0 -. 004 54 . 23 • 190 59 . 64 
2 . 6', 2 -. 004 <:,J . t;', . 2 14 5½ . ':>6 2 .7 '12 -, OOQ 54 . 2 7 .l QO 'i9 . li6 
2 . 654 -. 009 ">l , "'tl . 2 14 58 , 5 7 2 .7 94 -. 009 54.11 .1 90 59 . 67 
? . 65f. - , 009 ', 1,h ?. . ?13 5il . 59 2. 7 96 -. OOY 54 . 34 .1 R9 59 0 1:>R 
? . f,-. H - • OOQ <; l , hh . 213 SH . hi 2 . 1-rn -. 009 54 . 3H 0 1H 9 59. 7 0 
2 . 6hfl -. 009 ~ l. 7 0 . ? 13 ':->l .6 2 ? • ~00 -.OO'i 54.4? .IA9 59 • 71 
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TABLE A. IV .2 (CONTINUED) 

T l tD KM b T l tD \1 b 
0 0 

(s) (s) 

2 . Ano -. 009 ':,4 . 42 • l 89 .,.., • 7.l 2 . 940 -. 008 5 7.14 • l f,6 60 . 6H 
2 . R02 -. 009 C,4 . 46 • l RB ',y . 7 3 2 . '-l<t2 -. OOt\ 5 7 .1 R .1 65 60 . 69 
2 . >'04 -. 004 ',4 • so • !AB SY . 74 ?. . 944 - . OO ll S 7. 22 • 165 60 . 7 0 
? . ROI, - • 00':I :,4 , S4 , 11:lR :,9 . 7 h 2 . "146 - • 0 O>'l 57 . 26 • l 65 1, 0 . 1 2 
2 • H0'1 - • OOCJ 54 . ~M .1 A7 '>9 . 77 2 . 'l4A - • 0 OH 5 7. 30 .1 6 4 b 0 .7 3 
? • fl l f) -, 00'1 "i4 . h2 • l ti 7 5<.J . 7'-1 ;> , 9:,0 - , 008 5 7. 34 • l f,4 60 .7 4 
2 , Al 2 -. U09 54 . ni:, .1 97 c-9 . i:il) t:' . CJ':,;> - , OOH ':,7, 3fl .1 6 4 60 .7 5 
? • >'l 14 - • 0,09 ~1.._ . AY . 1~6 '::>Y , 'lt:' 2 , 9':,4 -, U08 5 7.41 • 16 4 f,0 . 77 
? . >IJ f, -. ooc, S4 .7 3 • 1 p.;, S9 . tU 2 • Y~)t'I - . 008 5 7, ,, 5 .16 3 6 0. 78 
? • Al "l -. oo<i S4 .7 7 , l f' 6 ",'-i • H4 ?. • 'l':,A - • 0 0 '1 5 7,4 9 • 1 f,3 60 ,7 9 
? , >1?0 -, 009 "i4 . R 1 , IR':> "i'! , l:lh 2 , '-i60 -, OOH 57 , '::>3 , 163 6 0, Al 
? . '122 - • 0,09 'i4 . f'', , JR':, c, q . k7 2 . "162 -. 00 8 5 7 , .,7 .1 62 6 0 , A2 
?.R24 -. 0 09 ',4 0 R9 • 1 cl'i 59 , f<Q ? , 464 -. UOH 5 7. 6 1 .1 6 2 60 . 83 
2 . 82h -.o oc, S4 , oJ ,1 84 CjQ , 9(1 ? , '166 -. OOH 57, 65 • 1 f>2 6 0. 1'4 
? . R2il - • oo c.i 54 , 97 ,l R4 5'1 , '-12 2 , 968 -. uo8 5 7 , h9 • 16 1 60 . >!6 
2 . A30 -, OOh ",', , 00 • 1 f,4 c,9 . 'l.l 2 , 9 70 -. 000 5 7.7 3 , l f> l 60 , 8 7 
2 , R32 -. 001:l 5t., , 04 ,1'-i3 'i9 , 'IS 2 , '17? - , 001:1 57 ,7 n , 16 1 6 0 • Al:l 
? 0 H34 -. OOH .:;.; • Ot\ • 183 s~ . 96 2 , 974 -. 008 57. PO , 160 60 . 89 
2 , 836 - .OOH 55 , 12 , 1R3 59 , 9 7 ;, . q1 1, -, 008 5 7 • 1-<4 .1 60 60 , 9 1 
? , R3R - , OOfi ':i'i , 16 .1 H2 S9 , Y9 ?. , 97A -. OOd 5 7 . HA • 160 h 0. 92 
2 , >'4;) -, OOH '-C. • ?O , 11-<2 h0 , 00 2 , '~b O - , 00/l 5 7. "i2 .1 59 60 . 93 
? . R42 -. ooe ,;c.; . z 4 • 18,: 60 , Oi:' 2 . 9>;? - • OOd ':, 7 . 9h .1 ',9 I, 0 . " " ? , H44 - , 0 Oft 5'> , ?f1 , lA 1 f,(l , 03 ;,,•,ii;4 -. 008 51'1 . llO , 159 60 , 96 
? 0 R4h -, OOH 55 , 32 , 1 R 1 60 , 04 2 , 9:lf, -, 008 58 .• 04 • I 59 60 , q 7 
2 . 848 -. 008 S'i , 35 .1 !1 I 60 . Qf, 2 . C/,JR -. ooR 5d . OA • l ">l:l 60 . 'l8 
? . A50 -, OOk c;c; . :19 . !RO 60 . 07 2 . g90 -. UOd 58 . 11 .1 58 60 . 99 
?. H'>? -, OOP ':,", , 43 ,! HO 60, 09 ? . o.i<J? -.O OH ':>P. 1 c, .! SA 6 1.0 0 
? , l' S 4 -. Ollb C.'i . 47 ,! AO 6U , 10 ;, . ci94 - • 0 O"l 51:l. l 9 • 15 7 6 1, 02 
2 , A';h -, OOb 55. c; 1 • 1 79 61) , 11 ?. • Cl91) - . UOR 58 , 23 , 15 7 6 1, 03 
?, ASH - , 00>' 5<; . 5:, , 179 AO .1 3 2 , Cl\lH -. 008 58 . 27 .1 5 7 6 1. 0 4 
? , 86U - , 008 5c; , c;9 ,17 9 h0 , 14 3 , 000 -, UOB 58 . 31 .1 56 61 , Q':, 
? ,R n? -, noR c, 5 , 63 , 1 7 fi f,l) ,1 6 3 . 002 -. OOH 58 . 35 .1 56 6 1 . 0 7 
2 .H h4 - , 008 c;5,1, 7 , 1 7 8 f.l) , 1 7 3 . () 04 - . 008 58 . :, <J .1 56 6 1 . 08 
2 ,Aft, -, OOH ':,S ,7 0 .17 8 h <J , l '1 3 . O On -. 000 Sd .• 4 3 • 155 6 1 ,09 
? . H6R -. 001' c;.; , 7 4 , 177 1-iO . 20 3 • 0 l)M -, OOH Sb , 4'> • 155 6 1.l U 
2 , A7 (< -. 008 5'> . 78 • 17 7 htl . 2 1 3 , 0 10 -. 00 8 5 A.5 0 • 15':, 61.11 
2,8 7 ? -. not< ',5 , F<2 , 177 f,0 , 23 3 . 0 1? -. 008 58 .54 • 15 4 6 1 . 1 3 
? . 8 7 4 -. 008 55 , 1'6 • 1 7 6 1,0 . 2 4 3 . 014 -. OOH 5H , 5H .1 54 6 1 , 14 
? . R7 h -, 001:' 'i':- . 90 .1 76 &o , 2c; 3 , 0 lfi - , 0 Ots 58 . 1:,2 • 15 4 6 1, 15 
2 . 8 7 R -, OOH 5i:; , Q4 ,1 76 f:, 0 , 2 7 3 , 0lR -. 008 58 . 66 , 15 4 6 1 .1 6 
? , RAO -, OOH 55 . 9H .1 75 hll 0 2M :i . ();>() -. UOH ':, 8 , 7 0 • 153 6 1,17 
?,AH? - ,OOA 5 6 , 02 , l 7S 6 0 . 29 3 , 022 -. OOH 58 .74 ,15 3 61. 19 
2 , 884 -.0 08 56 , O':> , 1 75 60 . 3 1 3 , 02 4 - , 0 Ob 51:1. 78 .1 53 61. 2 0 
2 0 "1 R6 -. OOH 'i n , O'./ , 17 4 hO , :J?. 3 . 02 1, -.O OH 58 . fl l • 152 61 . 21 
?. , ARf< - ,OOH ,h , 13 ,1 7 4 i;u , 33 J , 02H -, UOil 5fl . H'i .1 s2 6 1, 22 
? , H90 - .001' "> 6 . I 7 , l 7 4 h0 . 3', 3 . 030 - ,IJ Od ':,8 . l'l/ • l 'i2 bl, 23 
2 . A<J? - , 008 c;,., . ? l • I 73 60 . 3~ 3 , 03? - • 011>:l 5H,'i3 • 15 1 1, l, 24 
2 , HC/ 4 -, OOH 5b , ?5 . 173 ',0 , 37 3 , 034 - • OOtl 5 8 , l/ I • l ', l 6 1 . 2b 
?. , A9f, -. Olli< 'j', , ;>q • 17.J bu . 3" 3 . 03', -, 008 5 9 . 01 • 1 c; 1 6 1. 2 7 
?,R4A -. OOH C,f, . 3, • 172 f,I) • 40 ] , OJH - .OOH 59 , 05 • l ':>O 6 1. 2fJ 
? , <.JOO -. ODfl 5h , 37 . 172 n0 . 41 :J . 040 -, IJ/Jf! 59 , 09 • 1 so 6 1 . 2\1 
2 , <lO? - . OOK 5h , 40 , 1 72 h0 , 43 3 , 04? - , UOK 59 . 13 ,1 50 6 1. 30 
? . Q04 - . OOH ")I., • 44 • 1 7 ;, f,(t • 44 3 . 044 - • OOH 59. 16 • 150 6 1, 3 1 
? , 901', -. !IOA :,6 , 4>! , 1 71 fit1 . 45 3 , 04f, -. ooil 5'+ , 2,, , 149 6 1, 33 
2 , 90k -, OOF< ':ln , sc , 1 7 1 60 , 47 3 . 0i<A -, OOil 59 . ?4 , 149 6 1. 3 4 
2 , 9 1 0 - . noH 'il:, , 56 .171 A0 . 4H 3 , 050 -. 008 5 9 . 28 • 14 9 6 1. 35 
2 . 9 12 -, OOH t.,f, . 1,(1 ,17 0 60 . 4<.l J , 052 -, OOA 59>, 3? , 148 6 1. 3 6 
? , Ql4 -. ~OH 5 6 . 1'4 .17 0 I'> 0 , S 1 .l . 05 4 -. OO H 5\l . 3f, .148 6 1. 3 7 
? , 'l ] h -. GOR 51:, , ht\ , 17U t-u , sz 1 , 0'if, -.O OH 59 . 40 , 148 6 1. 38 
? • CJ ! H -. OOR "'" · 7 2 , 169 60 , ':,3 3 , 058 - , 001:l 59 . 4 4 • 14 7 6 1. 4 0 
2,921) - , 001< Sfi .7 S .1 69 h0 , 55 .l, OnO -, 008 59 . 4f> • 14 7 6 1.41 
2 . qz;, -, OOH S6 . 7g , 16'1 60 , 56 3 . QI,? -. IJ08 59 . 5 1 ,1 4 7 b l.4 2 
2 . 9;;:>4 - • IJOH Sn . A.< , lnH I< () . ', 7 -1 , 06 4 - , 1)08 59 , S:, • 14 6 6 1. 43 
? ,92'> - , 00!:I Sh . F<l , I t,R 60 , ':,'I J , on n -, 008 59 . S9 , 14 b fi l. 44 
? , 92P - • OOcl ..,,., • C, 1 . 1 f,8 hO . t,(I ) , nbH .- , 0 0 il 'J 9 . h3 .14 6 6 1, 45 
2 , '130 - .QOH 5n,9S , 167 60 , t, 1 J . 070 -. OOA 5'-J., 6 7 • 14 6 6 1 , 46 
2,93? -. 001' 5n , 99 . 1 h 7 1:0 . 63 3 , 07? -. OOH 5 9 , 7 1 .1 45 6 1 .4 8 
2 . 'l34 -. OOR 57 . 0.1 .1 6 7 60 . f,4 3 , 0 74 - , 008 5 9 , 75 .1 4 5 fi l, 49 
2 . 'l36 -. OOA 5 7 , o 7 . lf,f, 60 , h', 1 . 0 7h -. 008 59 . 7<.J .14 5 hl. 5 0 
2 . 93H -. OOH c; 1. 1 O ,1 1,1:, nll . b6 3 . 0 711 -. ooo 59 . H3 ,14 4 6 1. 5 1 
? . 'l 4 0 -, OOR <; 7, J 4 .l h6 HJ , 6A .1 , 0HO -. ooa 59 , 116 , l 44 6 1. 52 
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T L tD KM D T l. td KM D 
0 (s) 0 

(s) 

3 . Ql>O - • 00'< 'i9 . f<6 • l 44 61 . Sr 3 .?20 -. 00 7 62 . 59 • 12 3 6? . 2':, 
3. Of< 2 -. OUR ',9 0 QI) • 144 bl . ':>.1 J . ;>2? -.007 6 2 . h2 .123 6 2 . 26 
3 . 0fi4 -. OOK 'i'l .94 • 14] b l . ':,4 3 . ??. 4 -. 00 7 62 .61, .1 ?.3 62.? 7 
3.08h -. OOH 'jl/ .9 tl • I 4 3 h I . S'i 3 , ?21; -. 00 '/ 02 .7 0 .12 2 1,2. 28 
3 . Of<f< -. OU/< AO . n 2 • 14 3 ', ]. ':,b J.?.2fi -. Oil / 62 .74 • 122 62.2 9 
3 .090 -. OOP h0 . 06 • 14 ."J h] • ':,R 3 . 230 -. oo"/ h2 .7 A • 1 ?2 62 . 29 
3. 09? -. OOtl 60 •] II .1 42 h 1 . ~Q 3 . ?.:S? -. 007 62.8 2 .122 62 . 30 
3.094 -.00 1< Ii O. I 4 .14 2 t, 1 . on 3 . ?3 4 -.007 h2 . 86 • 121 62.3 1 
:j . OQf, - • 001< "10 . I I • 142 6 1 .t,l J . ?:J6 -. 00 7 62 . 90 • l?l 62.32 
3 . 09R -. OOH " 0 • ? I • 141 I', 1. 62 3 • .c 3f< - • 110 7 62. QJ .121 62 . 33 
1. 100 -. OOH 60 . ?'J • 141 h 1. 63 J . ?40 -.007 h2.97 • 1 ?. 0 1,;,.34 
3. IO? -. OOH 60 . ?'i • 141 hi .t,4 3.?4? -.uo7 63.0l .120 6?.35 
3. l 04 -.0 01< 60 . 31 . 140 61 • 6 ', J . 2 44 -. uo7 f,J . 05 • 120 62 . 36 
3 .1 0"- -.O OH '1 0 . :H • 14 D hl . ;,h J • 2 4 1', -. 00 / 63 .0 9 • 11 9 62 . 37 
3.lOA -. OOf< ')() . 41 .14 0 f, l, b7 J . c4i< -. uo7 63 .1 3 .111./ n2 . :rn 
3 .11 0 - • OOt< t,0 .4':, . DY h[ 0 t,O 3 .?"> 0 -. 007 63.17 • 11 9 62 . 39 
3 .lP -.OO fi liO . 41./ • 1 39 1,]. 7 0 3 . ? ',? -.uo7 h3.21 • 1 1 'I 62.40 
3.114 -. OOR 60 . ':lc • 134 li l.71 J .2S4 -.007 63 . 2 ':i • 1 1 H 62.41 
:, • 11 h -.008 hD.'ib • 139 hl. 7 ? 3 . 2':l "i - • 007 63.28 • 118 h2.42 
3.]lP -.00 8 '>0 0 AO • 138 !cl. 73 3 . ?.58 -.0 0 7 6J . 32 • J 1 cl 62.42 
1. 12 0 -. 008 1',0 • 1'4 .1 313 "l . 74 3 . 260 -. 00 1 63 . 36 • 11 7 62 .4 3 
3 .1 ?:> -.O Of< MO.AH • UH b l.Fi 3 . 26? -. 007 63 .4 0 • 11 7 62.44 
3. ] 24 -.0 0!' no .1 ? . 137 h I. ., ,, 3 . i'64 -. 007 63.44 .117 6 2 .4 5 
3. l?h - • 00 '3 60. 7 '> • 13 I ..,1.77 3 . 2 66 -. 00 1 63 .4 R • 11 7 62 .4 6 
3.] 2R -.OO H nO . AO • l .17 <- 1. 7'l 3 .26 8 -.001 b.3 . 52 • 116 62.47 
3.1 30 -.O OH f>O . H4 • lJh I', l. 74 3 . 2 70 -. 00 1 63.56 • l 1 6 6 2 .4 8 
3·. 13? - • 0 O>i t,O . HI .l :Jh hl.80 3 . 272 -.001 63 .6 0 , 116 62.49 
3 . ]:l4 - • 0 QA 60 . "ll • l 36 h I 0 H] J . 2 74 -.001 6J.63 .115 62 . 50 
3 .11h -. OOH MO . <;', . 1 ·it- h] . R2 3 . 2 / 1', -. 00 7 6 3 . 6 7 • 11 5 62 . 51 
3 .1 3H -.O OP '10 . o<; . 135 t, 1 .MJ J . 278 -. 007 b3 . 71 .115 62 . ':,2 
3.140 -. 008 f, \ . (1 '1 • 13:i 1-- l , H5 3 0 ?ilO -. 00 1 63 .7 5 • 11 5 t<,2 . 52 
3 .14 ? -. 00/l f> l • r. 7 • l 15 h 1. 1-'li ·1 . ?H? -. UU7 63 .7 9 • 114 62 . 53 
3. l 44 -. OOH h I. l I . 134 6 l . n1 ) . ?.H 4 -.0 07 63.83 • 11 4 b? . 54 
3 . l 41i - • OOH Ii 1 • l '> .114 61 . R;., '.1 • 2tH, -. 001 63 . '< 7 .114 62.55 
3.] 4 /l - • OlJ A MI . 1 Y • I 34 "l. H4 3 . ?.HR -. 01>1 63.Y] .]13 b2 .5 6 
1. 1 c; 0 -.0 08 bl . 22 .114 "l. 90 .1 • ;> YO -.00 1 6) . 95 • 113 62 . 57 
3.1 5? - • OOcl 6 1 . ? h • \ 33 h l. 'I l 3 . 2·9? -. 007 63 .9 H ,113 62 . 'itl 
3 . l c,4 -.0 08 6 1. :,u .1 33 t, I• O? 3 . 2'1 4 -.007 64.02 , 111 62.<;Y 
3. l !:,h -. 008 6 1. ]4 • 133 "l . '-13 3 . 291', -. 007 64. Ob • 11 2 62.59 
1. \ 5>J -. ooe ,, I•'" .1 32 I, l . '1 4 .l 0 ,'0H -. 001 64 .1 0 • 11 2 62 . hO 
3. 1 h 0 -. oo;, h l. 4,c • 1 32 61 . Y5 3 . 300 -. U07 64 .]4 • 11 2 62.61 
3.16 2 - • OOR 6 1. 4'1 .1 32 61.Yh 3 . ,O? -.001 64.18 , 111 62.fi2 
3. ] 64 - • 001:l h l . ',1) .131 6 1 • Y7 3 . 304 -.001 64.22 • 1 11 62.63 
3 . l6h -.O OH h \ . '>4 • 131 bl .'Iii :J • 30t'i -. uo7 64 .26 • 1 \ 1 62 . 64 
3 . Inf< -.OO f h i. " 7 . n1 hJ . 99 3 . 30/l -. 00 7 64 .3 0 • 1 1 1 6? . 6!:> 
3 . 1 7(1 -.O OR h ].H • 131 "-.?. . 00 3 . 3 10 -.007 h4. 33 • 1 1 0 62 .66 
3 . l 72 -. 008 61 . h~ . 110 6 2 . 0 1 3 . J 12 -. 00 1 6<+. 3 7 • 11 0 62 . 66 
1 .1 74 - • OOfl h I. h'I .no 1' 2 .IJ ? 3 . 3 14 -. uo7 64.4] • 11 0 A2 0 67 
3 .17 h -.O OH h l. 7.l .13 0 62 . IJ.1 3 . 31A -. 001 64.45 • 11 0 62. 61:l 
3 • 1 7 H - • 008 Ii I. 7 7 • 1 ? <.J h 2 . 04 3 0 .l lH -.001 64.49 .1 09 6?.6Y 
1. l I' 0 -. OOfl t, 1. H 1 .1 ?9 he . O'S 3 . 3?0 -. 00 1 64 .">3 ,1 09 62 .7 0 
1 . 18? -. 008 h] 0 A', . uo nc . 06 ·i . 322 -. 007 64 . 57 .]09 6?.71 
3 . 1 H4 -.O OA ,., l. ,:.q .1 ?.H h c . 01 3 . 12 4 -. 00 1 64.hl .108 62.71 
3 .l i'lf- -.001< ;, 1. gc' .128 h2 . 0I< 3 . 32 h -. un7 64.65 .10 8 6? .7 2 
3 .1 81-' -.0 08 h 1. 91:l .l?H A2 . 04 3 . 32" -. 00 7 64 . 6'l ,! OH h2.73 
3 .1 90 -.008 to?. nu 0 l ?H 62. 10 3 . :130 -. Ull 7 64 .7 2 .JOA 62 .7 4 
3 .1 9? - • OQf< ,-,;, • 04 • 1?7 62 . l 1 3 . :u;, -. 00 7 b4 .76 .107 62 • 75 
3 .1 94 - • 00>< I::?. . OH .1?7 1:,2. 1?. 3 . 33 4 - • 0 0 7 64 .80 .107 6? .7b 
1 .1 91:: -. 008 .,,, • J 2 • 12 7 6 2 .1 3 .i . 33h -.001 f,4.84 .107 62. 77 
3.19 8 -. OOA I::<' . l 6 • 126 6 2 .14 3 . 3 3'< -.001 64.88 ,10 6 62.77 
3.200 -.001' '>?.21) .126 6 2 .l':, 3 . 3 <+0 -.001 64.92 , 106 62.78 
3.20 2 -.OO'l ,,? . ? 4 . 1?6 62 .lt, 1 . 34? -. 001 64.96 .106 62 .7 9 
3.204 -. OOf' r--;, . ? 7 • ] ?. 1', h2 . I 7 3 . 344 -.001 65.0 0 .106 62 .f:1 0 
3.20h - • 0 O>J ,,,, . 3 1 • l ?S h?. ] .'i ] . 346 -. 001 65 . 03 .105 62 .Hl 
3. 20>! -. 001 6? . 3S .1 ?5 t-2. 1 <; 3 . 34'1 -. 007 65.07 • 1 0 ':, 62 • Al 
3 .21 0 -.007 6? . 14 .1 2 5 62 . 20 1 . 3 'i 0 -.001 65.11 . 105 62.t!-2 
3 . 212 -. 00 7 h? .4 3 .1 24 62 . 21 J . lS? -. 001 65.15 .104 62 . 83 
3.214 -. 007 6?. .47 • 124 h 2 . 22 3 . 354 -.001 65.19 . 1 04 62.84 
3.216 -.0 0 7 n?. c:. l .1 2 4 h?.. 2 3 J .]':,h -.001 65.23 • 1 04 62.AS 
3.211< -. 007 h?. 'i', .]?4 6? . 2 4 ] . ] ',", -.0 0 1 65.27 .104 62.1:!6 
3.22 0 -.1107 h? . <;<.J • 1?3 t,2.2'i 3 . :J60 -. 00 1 65.31 . 1 03 62 .86 
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T l tD KM D T L tD KM b 
0 (s) 0 

(s) 

3 . 31,0 -. 00 7 f,", . 3 1 .1 03 h ? · "" :, • ',U 0 - • 0 0 7 6.8 . 03 . 08 4 63 . 3 7 
:1 . 3,.,2 -. 007 1,C, . 3 4 .1 03 r-,7 . ;,. 7 .l .5 02 -. 00 1 ol:l.07 0 0fl 4 63 . 3« 
3 . 3h4 -. 007 l, 'i . 3,; .1 03 f,;.> . H'i 3 . '504 - • 0 0 7 6 fl. 1 0 ,O A4 1,3 . 39 
:, . 3"" -. 00 7 '1'.> . 42 .l OJ h(' . fl'I 3 . ">0h -. 007 68 .14 . OH3 1>3 . 39 
:1 . 31,fl -. 007 t,C.. . 46 • l 02 f,2 . -ii> 3 , 50'! -. 00 7 6tl.1P. • OH3 63 .40 
3 . 3 7 0 -. 00 7 6'5 . 50 .1 02 t,;.> . YO 3 , ':> 10 -. 00 7 l,tl,<'2 . o,n 63 .41 
3 . 37? -. (107 A'i , 54 . 102 62 . 'd 3 . 5 1? -. 007 68 .2 6 , 083 h1 .41 
1 . 3 7 4 -. 00 7 I,", . 51:! • 101 62 . '-J? J . 'i l 4 -.0 0 1 68.30 . OA? hJ .4 2 
:i . 3 7 1, -. 007 (,", , I-? • 10 1 f,,' , 'd :l . ', 1 I, -. 001 6H.3 4 0 0fl2 63 .4 3 
1 . :37;,. -, 007 b'i . ht, • 1 o l ,-;, • ','1 3 . 51 Fl -.001 68.38 • O>l? h3 ,43 
.1, 3A 0 -, 007 t-JS • f...~ , l n 1 f-.?..1...)4, 3 , Si:'O -. 00 1 68,4? ,OA ? 63 ,44 
J,3R2 - , 00 7 ... c; , 73 • l O 0 t,,',<.l', 3 , 'i2? -,0 0 7 68,4 5 .OAl 63.44 
3 ,3 fl 4 -.0 0 7 6', . 77 ,1 00 1,2 , c,1, ., • 5c4 -.0 0 7 6A,4'l , 08 1 6 3,4 5 
·, , 381'- -. 007 6'1 , P. l • 1 IJ () h ? • ..,., 3 . ">26 -, 00 7 6H.53 • OH l 63.46 
1 . 3,iµ -. 007 f,", , f<'-, • O-;'l A? , ,.;7 J , S2>l - , ll O 7 68 • c,7 , o,n 63 ,46 
1 ,39 0 -. 00 7 ,, ... ·""' • !l'l'i Ac 0 'ik J . '>30 - • 007 nil . Al , OflO 63.47 
1 . 'l'l2 -. 00 7 "" •'U • O'i'i 6? . Yr4 3 . 53? -, 00 7 68 . li5 , 080 61 .4tl 
3 , 394 -.0 0 7 f,', . <i7 .099 f.'3 . 00 _j . 5 34 -. 007 6tl . 69 . OHO h3. 41:1 
J . 391, -. 007 r:,1,. n l • OC/H 1-,, ·1 . un 3 , ':i3h -. 00 7 61:1 , 7 3 , 0 7 9 63,49 
1 . 1'lfJ -. 007 6h.(14 • 1)1.lf:j f,j . 0 l J . ':i 3-~ -. 00 7 6H,77 . 0 79 63 ,49 
3 . 4 0(\ -. 007 nr . c,,; • OCJH f. j . I.Ir.' .l . 540 -. U07 6 H, HO .079 63 . 50 
3 ,4 0? -.0 0 7 ..,,, • l ,' • O'l!l h3 . 03 .1 • C,4;, -. un7 611 , .'14 .07 9 63 . 5 1 
1 . 404 - • o,, 7 "" · )h . O'-l 7 1, :, . o ·i .3 , ', 44 - , 00 7 6H 0 88 . OH• 63 . 5 1 
~1 ,4 0A -, 00 7 f,I, . ?0 , uq 1 A:l • f14 J . <;4f, -. 00 7 6tl,'l2 • 0 7 1:1 63.52 
3,40 A -.001 t,1, . ?4 • 001 f,_j . "" 

·1, c;4R -. 00 7 68 , 'l6 • 0 71:\ 63,52 
3 ,41 O· -, 00 7 66 . 2P. . 046 h1 . fl6 .J , S':>O -. 00 7 69 ,1) 0 . 0 7 8 63 ,5 3 
1 .41 2 - • 1)(1 7 "" . 32 • 09f, h J • I, f, j. <;',2 -, 007 69,0<+ .077 63 , 5 4 
3 ,41 4 -. 007 hA,3h , 0'-'6 h.3 . 11 7 'l ,C.',4 -. 00 7 69,UH . on li3. 5 4 
3 . 4 l 1, -,007 r,h . 34 . ll'lf.. h 1 , (),< l . C,",F, -.0 0 7 69 , 1 2 . 0 77 63,S5 
1. 4 l f< -.0 0 7 1,1,,4 3 • 0 '15 A.1 , 04 3 , 55A -. 007 69,15 .077 63 , 55 
3 .4 20 -,0 07 .,,., • " 7 , 045 A 1. ti 'l 3 ,':> 60 -, 00 7 6'1.19 .076 63.56 
3.42? -, 007 66 , ",l • 0'-l5 t'J . 1 o 3 . 56? -. oar 6'1 ,2 3 . 0 76 63 ,57 
3 .4 24 -. 007 n'i . 5'> . 045 f-3 . 1 l .1 . '564 -. 00 7 69 . 2 7 . 076 63.57 
3 .4 2f. -. 00 1 1-ih . ~ ·i . O<.l4 '-3 . l? 3 , ':i6A -. 007 69.31 . OH, 63 . 58 
) 0 4 2R -. 007 "" , 1,3 • ()44 f,J , 1 2 3 .",t,8 -.oor 69. JC, . 01s 63,58 
3 ,4 30 -. 007 n6 . h 7 • O'l 4 f,J , 13 3 , S70 -. 00 1 69. 3'l .075 63.59 
3 ,43 2 -, 007 "" · 71 . 003 63.14 J , ':i T? -.0 0 1 69 .4 3 . 0 1<., 63.liO 
J , 41 4 -. 00 7 f,h .74 . OQJ 1,3. l "> 3 , 574 -, 007 69 ,4 7 .074 63.60 
3 . 43,., - , 00 7 6A , 78 . OOJ t, 3 . 15 .:1 • 'i 7 Ii -. 00 1 69 ,':i O .074 63 . 6 1 
3 0 43H -. 007 6" . r<c • IJYj l,J 0 l A 3 . 57/J -. 00 1 69 ,54 .074 63 , 6 1 
:'l .44 0 -.0 0 7 t,1, . Rt, . 092 63 .17 3 , 51!0 -, 007 69 0 5 8 , 0 7 4 63 . 62 
3,44? -, 00 7 ",I, . oo , O'l2 n3 . 1 7 3 , 5tl2 - , 00 7 69 ,6 2 .07 3 63.62 
3. 44 4 -,0 07 nA 0 94 , O'l2 n':!. l'l 3 , 584 -.0 0 1 69.66 .07 3 63.63 
3 , 44t, - , 00 7 t,f,,Y8 • OC/2 f,l , 1 g ) , ',ill, -.uu7 69.70 .073 63.F,4 
3.44F' - , 1)07 I, 7, O? .091 1;3 . 20 3 .'-. 118 -, 00 7 6 9 .74 ,07 3 63 , 6 4 
1 .4 Ci0 -, 007 6 7.on • 04 1 f,) , ?0 3 , "'10 -. 00 7 69 .7 8 .012 63 ,f, 5 
3 .452 -. uo 7 1, 7. 0'1 • 0 q 1 F-3.n .3 , 592 -. 00 1 69 0 H2 , 072 63 . 65 
3 .4 '54 -, 00 7 b 7, 1 l , 040 F-3 , t2 3 ,5'1 4 -, 00 7 69. 85 . 01 2 63 . 66 
:1 ,4 51> -. 007 1:,7 , 17 . 090 H , ?? 3 . :,-;6 -, 00 7 69 . !:!'I . 012 63 . 66 
3 . 45/l -. 00 7 6 7.?l , 0'10 f>3,t'3 3 . 5'18 - • 0 (I 7 o9 , 'l3 . 0 11 63 , 6 7 
) • l.f.f. ~I -. 00 7 ,-,7 . ?S . 040 . t'.l , ;>,, :, • AU 0 -, 00 7 f,9 . 97 . 0 71 63 , 6A 
3 0 4A2 -.007 n7 . ?'i , Ofl'l 63 , ?, 3 . 6U2 -. 00 7 10.01 . 071 63 . 61:1 
'1 0 4A 4 -,00 7 "7. ;13 • U>l'I f1 :t • ~~ 3 , f,04 -. 00 1 70,0S . 0 71 63 . 69 
3 .<t h6 -. OO'/ n7 . ]. 7 . OA9 A3,2" ] , A06 -.0 0 1 10. 00 . 0 1 0 63 .h 9 
'1 , 41,~ -, 00 7 f,7 , 41 . 089 63 , 2'/ J 0 AOA -.001 70.1 3 .01 0 63 .70 
3 .47 U -. 007 A7,44 . 088 h3 , 21 :J ,h 10 -. 007 70.17 ,07 0 63 .70 
1 . 4 7 ? - • 00·1 M7 . 4R , Of\H f,3 0 2H 3 , Al;> -, 00 7 70,20 .010 h3 .71 
J ,474 -, 007 n7 , "i' • OH fl 1,3 , ;,9 .l,fo.14 -, 1107 7 0,?4 , 064 63.71 
3 ,47n -. 007 I', 7. C>b • OK7 h.l . 2 ·, J , 1> 16 -, 007 70,2H .0 69 63.72 
3 ,47 A -.007 "7, AO 0 0H7 h.3 , 30 3 . b l fl -.001 70.32 ,06 9 63 .72 
3 .4 AO -. 00 7 A7 , A4 , OA 7 1, ·1, 31 J , licU -. 001 70.36 .069 63,73 
3 , 4/J,' - .00 1 f,7 , A8 . 087 63 , 3 ] .l , 1',22 -, 00 7 70,4 0 . 068 63 .7 3 
3 .4 A4 -. 007 <, 7, 7 ? • 081; 6J.3? 'l . 624 -. 00 7 70,44 • 01,8 63 .74 
3 ,4 8A -, 00 7 h7 , 71', • O'l 6 <,3.33 3 . h21i -, 007 7'1i , 4 8 .0 6H t,3 .75 
3 .4 f"l -. 00 1 6 7 . 7 0 • Of:S6 1o3 . :n .l . h2A -. 00 1 7 0 .5 2 . 067 63 .7 5 
3 , 4'l0 -. 001 ,;1.1n . 086 6 ., , 34 3 .r, 30 - .001 70,55 . 06 7 63 ,7 6 
3.4ll2 -. 00 7 67 , 1< 7 . 085 63. 3c, 3 . li32 -. 001 70. 59 0 0A 7 63 .76 
3 ,4 94 -, 00 7 1, 7 . c, I • Ofl5 63 . 3 ', 1 , li34 -. 00 1 70. 63 • 06 7 63 .77 
3. 44f, -, 00 7 h 7. 0':, .085 t,1 , 31) 3 , t,31, -. 00 1 70 .li7 . 06h 63 ,77 
3 , t,9H -. 007 1:, 7, 9'1 .ORS 63 . 37 :J . f,3~ -.007 1 0 . 71 0 0A 6 63,78 
1,501) -,00 7 l,fj . 01 ,084 f, 1, 3 7 :l . 1,40 -. 00 7 7 0 .75 .06 6 f,] • 78 
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T l to KM b T L to KM b 
(s) 0 (s) 0 

3.640 -.007 70 • 7'i .066 h l O 7H 1.7110 -.OO b 73.47 ·, 041' 64,09 
3.h4? -,007 7 0, 7 <; ,Oh6 bJ , 19 3, 7 :9 -,006 73, 5 1 .048 64.10 
1.64" -.007 70.133 . 065 hJ . 7g 3 .7 M4 -.006 7 3 , 'i5 .041< 64 ,1 0 
3 .h 4t, -.0 0 7 r n . 1:<n , 065 6,. HO .::S.7c,6 - , 0 06 7 3 , 59 .048 64,10 
3 . 64FI -,007 7 0 .Q () • 065 h3. 8(J 3 . 7 i:Sf\ - • u (l t, 73, 62 .047 64 .11 
3,650 -,007 1 0.04 . 065 h3 . HI 3 . Bo -,006 73.66 ,047 64 ,11 
3.65? -.0 0 7 7 n . oB . 064 61 . HI .l. 79?. - , 006 71. 70 ,047 64, 11 
3.n',4 -.007 71. 0i" . 064 t, ·; • H? 3. 7'14 -. 006 73. 74 . 04 7 64. 1 2 
3 . b5'1 -. 007 71 • On . 064 h 3 .l:1 ? 3 .7 '-Jf, -. UOb 7 3 0 H, .046 64 .12 
3 . f,5A -. 001 7 I. I 0 , 064 l',:J . H 1 3 . nR - ,006 73, fl2 ,046 64, 13 
3 .f:ih O -.001 7 1 • I" .063 ~J .r, J 3, HuO -. 001, 7 3 . l-l6 ,04h 64, 13 
3,66 2 - .00 7 71. l '1 .0 63 liJ.H4 3 .>< U? -.0 06 7 3. 90 .046 64 .1 3 
3,6h4 -.007 71.? l , Oh3 h3 , 1:14 3 , Ht/4 -. uo6 73, 94 ,045 64,14 
3 , 61\" -.007 7 1. ?5 , Oh3 hl . t:,':, • 1 . HUh -. ()06 7 3. 9 7 , 045 64 . 1 4 
3,61',H -. 001 71. ?9 . On2 1',J , fl', J . '10rl -.0 06 74, 0 1 ,045 1\4, 14 
~. h 7 0 -,0 0 7 71 .:u , Oni:' f, l . "" 3 ,,q 0 -, 00 6 74, 05 , 045 64,15 
3 , h 7 2 -,0 0 7 71. 3 7 . 062 f·3 . ~,:... 3, H l ;> -,006 74, 09 ,044 1\4,15 
3,674 -, 00 7 7 I. 4 I • Oh2 1'1 . 1<7 ·; , R 14 -, 00 /i 74.13 ,044 64 ,1 5 
3 , 6 7h -.0 01 7 l. ,..., , 06 I f, J , 87 :;,81', -, UO b 7 4 ,17 , 044 64. l b 
1 , 6 7 H - .00 7 71.•H .Ohl h l . HH 3,H l H -, 0116 74, 21 , 04 4 64 .16 
3 , 6HO -.007 71, "' -~ • 0 h 1 61 . H>< 3 , HZO -.006 74, 25 , 0 43 64,16 
3 ,hfi2 -, 00 7 7 I, c,1, • 061 hJ . f<H 3,f<c? -.0 06 74, 29 ,043 64,17 
3. f.,1-4.4 -. 007 7J. 60 . OhO n 3 . r<C. 3 . 'li:'4 -. 006 74, 32 ,043 64, 1 7 
1 ,6 fif, -. 00 1 11,f-4 ,06 0 h 3 .>l'! 3 , fl26 -. 006 74. 36 ,043 64,17 
:J,6HR -,007 7) 0 f-K • 060 h 1 . 'IIJ 3 , "<2K -, 006 74,4 0 ,042 64,18 
] , 6'11) -.007 71. 7t' . 060 f,J. '-ill 3 , fUO -. 006 74.44 ,042 64, lt:l 
3 ,f,Cl ;;> -,007 7J ,7f, , O'i9 f,J,<; 1 3 , RJ? -,00 6 74,4fl , 042 64, 18 
:J,694 -, 007 7 1. F< O ,059 I' 1 . Y l :; ,H 3 4 -. 006 74, 5?. ,042 64, 19 
3,h9t, -,007 7 l. f<4 , 05 9 1, ·1 , Y? 3 , /:l3h -,006 74, 56 , 04 1 6 4, 1 9 
3 ,6 9H -, 007 71. RA .059 f,J , '12 3, l:lJF< -, UOb 74. 60 , 04 1 64 ,19 
3,700 -,O Oh 71 .91 .058 63,'13 :, , fi40 -. ono 74,64 , 041 64,20 
3,702 - .006 71 .95 , 058 f,J,Yl 3 , A42 -.00 6 74,67 • 041 64,20 
3 ,7 04 -.0 06 71. QQ . 058 f- 3 , '-14 .3 . H44 -.0 0 6 74,71 ,040 64,20 
3 . 701-, -.00 6 72, 0J • 058 1'3,94 J . 'l46 -,IJ ll6 74,75 ,040 6 4,21 
3,70R -. 006 12.n1 ,057 hJ.94 3 , H4K -. 006 74, 7 9 , 04 0 64,21 
3,710 -.006 7 2. 11 , 05 7 h3.'l"i j , HSQ -,006 74, 83 ,040 6 4,21 
3. 71 2 -,00 6 7?. I c; , 05 7 f, 3 ·"" 3 ,1:l::>2 -.006 74,87 • O]Q 64,22 
3 .71 4 - • 006 72.IC/ .O'S 7 t-- 3 . c.;~ :J , '154 - , OOb 74, 9 1 .039 64,22 
3. 7)f, - • OOt:, 72. 2:l . 056 6J .C:,h J,A56 -,006 74, 9S , 0 3'1 64,22 
3 • 7 ! A -.0 06 l ? .?6 • O"ih f, .l . 4 7 3 . M~A -,0 06 74, 99 ,0 39 64,22 
1,720 - ,006 7? . 30 . 056 6] , g7 J , P.60 -. 006 75, 02 , 0 3g 64,23 
3 . 7 22 -.006 7?,3 4 .oso hj . YH 3,862 -.0 06 75, 06 .038 64,23 
3,724 - • OOf, P , 38 • O'i5 1':l . Qf,, ·l,A64 -,00 6 75. I o ,038 64 ,23 
3.726 - . 0 06 72.•2 ,055 f,] , 98 J , Bbf, -.006 75,14 ,038 64,24 
3 .72 R - • OOt, 1-,, . 46 • O', ', .,~,. 99 J , H6A -,0 06 75, 18 ,018 64 , 24 
3, 7 30 -.OOt, P . ~o • O'i 5 oJ.'1q .1,8 7 0 -.0 06 75, 22 , 03 7 64 , 24 
3 . 73? -.oo,-, 72. <;4 • 054 64 . IJO 3,l:l72 - , 0 06 75. 26 , 037 6 4,24 
3.734 -.006 7 2 , 5K .054 64 . no 3,8 74 - , 006 75.3 0 , 03 7 64,25 
3,13h - .OOh 72,nl , 05 4 1, 4,0 0 1 , 8 7h -,0 06 75, 34 ,037 64 ,25 
3 .7 3H - • 001:, 7?, h':> , 05 4 t--4 . o I 3 ,fi7H -, 006 75, 37 . 036 64,?5 
] .74 0 -.OO h 7? . 1,q • 05:l h4.IJ] :1 . fl80 -,UOb 7':,. 4 I .036 64,26 
.1 . 74? - , OOc, / °? ,7 3 • O'i3 t--4, u:> ::1. k~:.: - • (106 75. 4'; ,036 64,26 
3 ,744 - • 001, 72.7., • O'i3 to~ . ll? 3 . ><>i4 - • \) (J.-, 75,4Y , 03 6 64 , ?6 
3,741\ - ,OOh 7 2 , f< 1 , 053 h4 • (J :-,s J , RK h -, 006 7 :i , S3 .035 64 , 26 
3,74A -.0 06 7?, A", . 052 t,4 . 03 3 , Kil " - , 1) 06 75,5 7 ,035 64.27 
3 .7 50 -. 006 7?, RY ,052 h4.0.l 3 , R'!O -. 006 75, b l ,035 64,27 
3 .7 'i2 -.011 6 7?. Q] • 0':>2 n4 . r,4 3,AY2 -.006 7':,,6', .035 64,27 
], 7 ',4 - .OOh 7?. 4f, , O'i? 64, 04 3 , R'i4 -,006 7'S, 69 ,034 64,28 
3. 751- -. OOh 7 1. n 0 • 05 1 64 , Q'-, 3 , 841; -.0 06 75,7 2 , 0 34 64 ,28 
3,75H -.00 6 n.r4 • 05 1 6 4, 0S 3,R9R -. 006 75,76 ,034 f,4,28 
.,. u ,n -.ooh 73,01:l • 05 1 64 , 0'i J , 400 -. 006 7':,, 80 ,034 64,2 8 
3 .7h 2 - • 001', 73.I<' • 0 ', j 64 , 0h 3,<JOc -.0 06 75,84 ,033 64,2'1 
:, , 7 1'4 -.O Oh 7,. In , 050 f,4.IJh 3 , '104 -,006 75,flH ,033 64,?9 
1 ,76h -.OOh n . ?O , 050 64 . 07 ] , 'I U6 -,006 7'1, 92 ,033 64,29 
3 0 7 hR -,OO h 7 id4 • 050 1,4,(11 3,QOA - .006 75,9 6 , 0 33 64 . 29 
3. 77 0 -. 006 71 , ?B ,05 0 64.07 3,9 1 0 -.006 7b, 00 ,033 64.30 
3.772 -,OOh n.:n ,049 64 , 0 >s 3,912 -,006 76.03 ,032 64 , 30 
3,774 -.00 6 71.3', ,049 1,4, 08 3,9 14 -.00 6 76,07 .012 1,4,30 
3, 77 1, -.0 06 7 3 , Y'I , 049 6tt. • UH 3 , 'l l h -,Ollb 7h. I I .032 64,30 
1 , 77 ;, -. 001' 73 .4 3 , 04<.J 64 . 04 ],Cl l 8 -. 006 76,1 5 ,032 64,31 
1.7AO -, OOh 71.4 7 , 0 4 8 M4 . (JQ J. 420 -,0 06 76,19 , 0 31 6 4,31 



228 

TABLE A.IV.2 (CONTINUED) 

T I. to KM jj T L tD KM jj 
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3, '-11 H -,006 71,, I 5 , 03? 64,31 4, O':ifl -,006 71'!,87 ,015 64,43 
3 ,9?0 -,OOh u,.IY • 031 64 . 3 1 4,060 -.006 78. 91 • 015 64,43 
3,922 -.OOA H , , ?.i ,0 3 1 1,4,JI 4,06:> -.006 711. 95 .015 64,44 
:\,9?4 -.OOh H,.n .u ·i 1 64,31 4, 06 4 -.1)06 7 fl. '-/9 .014 64,44 
3.92h -,0116 7,-,,:11 .031 h'+ .3<' 4. 061, -.006 79, (l_l ,014 64,44 
3,42'1 -,OOh 7A,35 .030 h4,3? 4, Ohl:l -,OOh 79,07 .014 64.44 
3,930 - , OOli 7f-. 31:l ,03 0 64 ,3 ? 4,070 - • 0 06 79,11 • 0 14 64,44 
3,93? -,006 7,-,. 4?. .030 64,32 4,072 -,006 79, 14 .014 64,44 
3.934 -,OOh 7,-,. 4h ,030 h4,3J 4,074 -.006 79,18 , 0 1 3 64,44 
3,'i3b -.OOh 7f,,C., l\ ,0?9 6 4, 33 4,07h -,OOh 74,22 , 0 13 64,44 
3,93H -.006 1h. ",4 .029 64,33 4, 07H -,006 7'-1, 2'6 ,013 64,44 
3.'140 -,006 76 ,c;H ,02Y 64,33 4,0oO -,006 79,30 ,013 f,4,44 
3.94? -,006 1i,,h? ,029 64 .J3 4,lld? - , 0 0 b 79,34 .012 6 1+,45 
3,944 -.006 7h. 1--i, .028 1,4,34 · 4, 0 M4 -,OOh 74, :J.8 ,012 64,45 
1,94h -.o oi, 7,-,,7 0 , 02fl h4.J4 <+,Okh -,OOh 7'-1,4·2 .012 64,45 
3,94R -.006 '/h,13 ,0?8 b4.34 4, 01:lR -,OOo 79,4-6 ,012 64,45 
3,950 -,006 7h,17 • 028 64,34 4 • O"IU -,006 79,4-9 , 0 11 64,45 
3,952 -,006 76,kl ,02R h4,3'i 4, 0'-1? -,006 79,53 .011 64,45 
3,954 -,006 7h ,P.':, • 0?7 F,4. 3 'i 4,0'14 -. 006 79, ':',.7 , 0 11 64,45 
3,95f, -,006 76. fl9 ,0 2 7 h4.3S 4,0'11:, -,006 79,1>1 ,011 64,45 
3,9"iH -,006 71:,. 9J ,027 h<+ ,3', 4.0'1~ -,0116 79,65 .011 64,4c, 
3 ,9f>'l -,OOh 7h, q7 .027 64,35 4,100 -,006 79,h9 .01 0 64,45 
3,'lh? - • 00 6 77. 0 1 ,0?6 6 4,36 4, IO? -,006 79,73 , 0 1 0 64,45 
3,'164 -.006 77 , O':i .'0?6 64,.lh 4 .104 -,006 79, 77 , 0 l 0 64,46 
3 ,-161', -,006 77. OK ,02 6 h4, 11, 4,!0h -,006 79,bl , 0 l 0 64,46 
:J,468 -,006 77.12 , IJ26 64. 3,-, 4,108 -,006 7'1,84 ,009 64,46 
1,,970 -.001, 77, lh • O?'i i,4. 3h 4,110 -,006 7':l,l'Jf; ,009 64,46 
3 ,97? -,00 6 77 . ?O , [)25 64,J7 4,112 -,006 79,c.,,2 ,009 64.46 
3,974 -,006 77, ? 4 , 02'i 64,37 4,114 -.006 79,9h ,009 64,46 
3,97h -,006 77,?H ,0 25 h4,'.;7 4, 116 -,006 80,00 ,009 64,46 
3,97M - , OOl'i 77. 3?. ,0 24 6<+, 3 7 4, 11 A -,006 80,04 ,008 64,46 
J,98 0 -.006 17,:' b , 02 4 h4,37 4, l ?O -,006 80, Ofl .001:1 64,46 
3,982 -,006 77 .4 0 ,U?4 1:,4, 3H 4,12? -,006 H0,12 ,008 64,46 
3,984 -,1)01, 77,4.1 ,0 24 f-4,]H 4, l <'4 -,006 8 0, 16 ,008 64,46 
3,98h -,OOb 77,47 • O?Z. 64,3H 4,12h -,006 !<O, l 9 .001 64,46 
3,98H -,006 77 .'-1 ,0?3 h4 ,3H 4,128 -,006 80,23 ,007 64,46 
3,990 -,OOb 11. c;s ,0? 3 l,4,31'< 4,1 30 -,OOb 80.27 .001 64,46 
3,99? -,006 77,c;9 , 02:; 64,3>< 4,132 -,OOb 80,11 .001 64,46 
3,994 -.0 06 77,f.3 ,O?J /; 4, 34 4,134 -,006 80, 3 5 ,006 64,46 
3,996 -,00 6 77,h7 • 0?2 f:,14 • 3:...i 4,136 -,OOti 80,19 , 006 64,47 
3,991:1 -.001- 77. 71 , 0?2 f-..4 .].Cl 4,l]R -,006 80,43 ,006 64,47 
4,000 -.OOb 77,75 .0 ?2 64,39 4,140 -,006 80,47 ,006 64,47 
4,00? - , 001', 77,7 /l .0?2 64.39 4, I 42 -,006 80,51 ,006 64,47 
4,004 -,006 77 .f' 2 , O?l 64,39 4,144 -.ooo 80,54 • 0 O', 64,47 
4. 00h -.006 7 7, Al:, , O? I f,4, 4 0 4. 14h -,006 80,58 ,005 64,47 
4,0 0µ -,00" 77.'-' 0 , O?l h4,4 0 4,14c' -.006 80,62 ,005 64,47 
4,01 0 -,0 06 77,94 • CJ? I 64.40 4, l SQ -,006 A0,6h ,005 64,47 
4,01? -,OOh 77,9/l • O?O h4."- 0 4. j ':,? -,OOo 80,70 ,004 64,47 
4.014 -,006 7R. 02 , 020 h4,40 4, l :,4 -,006 A0,74 ,004 64,47 
4. o I h -,OOr 7P.Oh ,O? O 64,40 4. l ':>1:, -,006 80,71:l ,004 64,47 
4.0lH -,O ()h 7>i. I 0 . 020 h4.4l 4, 1 :,K - , OOti 80,H2 .004 64,47 
4. 0? 1.1 -.O Oh 7'<. l :l , O?U h4.4l <+, l oO -,006 HO.Rh ,004 h4,47 
'•. 02? - • OOii 7 .q . I 7 • tJ 19 t, 4. 4 I 4. 16? -.ooo 1:lO, ll 9 ,003 t:,4,47 
4,024 -.O Oh /,.,•?I • 0 I 9 f-4 ,4 l 4,164 -,006 A0,93 ,003 64,47 
4 • O?h -,O OA 7H. ?S , 0 19 04 ,41 4 ,loh -,006 k0,':17 ,003 64,47 
4, l)?H -.o oti 7><. ?':I , 0 1 9 64.41 4, l l:,fj -. 006 81, Q l ,003 64,47 
I+• 030 - • O'Oc- 7 k. :1.l , O)fi ',4. 4 I 4,170 -,006 Al, 05 ,002 64,47 
4,03? -,00 " 71J. :n , OIH i,4 ,4 ? 4, 17 ? - , 006 tl l, 09 .002 64,47 
4,03<+ -.OOh 7A,41 . 0 18 64,4? 4, l 74 -.006 8 l , 13 ,002 64,47 
4.03h -.006 7A,4S • o 1 l:l f-4, .. ? 4. l 76 -,006 l:l l, 1 7 ,002 64,47 
4,03H -,0 06 7 µ . 4 /l ,017 f:,4,4? 4, l 78 -,006 81,21 ,002 64,47 
4,040 -,OOt, 78,S 2 . 0 17 64,4? 4, I tlO -,006 81,24 , 0 0 l 64,47 
4,04? - • 001:, 7 'l . ':,6 , 0 17 64,42 4,18? -,106 81, 28 .001 64,47 
4,044 -,006 7~ , /,() , 01 7 f-.4,4 2 4, I c\4 -,006 Hl,32 ,001 64,47 
4. lll4 -,006 >J 1. 3?. ,001 t,4,47 
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