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Summary.--Information was required from which the performance of' regenerators suitable for heat exchangers 
for gas-turbines could readily be estimated. A series of tables and curves have been prepared from which the efficiency 
of a regenerator can be calculated if the operating conditions and heat transfer coefficients are known. The tables and 
curves cover a range of lengths and blow times appropriate to gas-turbine conditions. 

Measurements of heat transfer and pressure drop coefficients have been made on several examples of matrix of both 
the gauze.~nd flame trap type in conditions similar to those in a gas turbine. A number of examples have been worked 
out from the experimental results to show the relative importance of the different variables on the performance of 
typical regenerators. 

A gauze matrix-of fine wire and open mesh has a much lower weight and only slightly higher pressure drop than a 
flame-trap matrix for the same efficiency. The recommended size of gauze is a wire diameter of 0.002 in. to 0.004 in: 
and a mesh of 20 to 40 wires per inch, the material should be stainless steel. Further design study is necessary to 
determine whether this advantage can be maintained in a complete regenerator. 

1. Introduction.--The possibility of adapting the regenerative type of heat exchanger, which 
has been used in various forms for many years in blast furnace and boiler practice, to the gas 
turbine has been proposed by Ritz during the war 1. Very remarkable claims to high cycle 
efficiencies and low weights were made in his report, but there was little experimental evidence 
for the heat transfer coefficients assumed and the derivation of the method of estimating the 
thermal ratios was not given. A preliminary survey of the possibilities of this type of heat 
exchanger for gas turbine work was made 3. This showed that  there was no information available 
on the heat transfer and pressure drop of small passages at the low Reynolds numbers it was 
proposed to use, but  that  if the anticipated values were realised and the considerable practical 
difficulties of sealing the rotating matrix were overcome, the regenerator heat exchanger could 
make a substantial improvement in turbine cycle efficieneies with a reasonable increase in weight 
and bulk. This preliminary report also showed that  the existing methods of calculation of 
regenerator performance 8'4 were not sufficiently far advanced and simplified to be readily used 
by  designers. 

The present report extends the earlier work of Hausen 3, 4 in the ranges which it is thought 
will be required for turbine work and the results of numerous calculations have been plotted 
so that  designers can easily estimate the efficiency of a wide range of regenerators. Previous 
calculations have only considered the case where the h i g h - a n d  low-pressure portions of the 
regenerator were of equal size. In order to distribute the pressure losses in the high- and low- 
pressure parts of the cycle to get the least effect on the cycle efficiency it is desirable to divide 

* R.A.E. Report Aero.2266, S.D.27, received 15th September, 1948. 
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the regenerator into two unequal portions. The calculations have been extended to cover all 
practical ratios between the two portions. The report also describes the results of tests made on 
a simple rig designed to measure heat transfer coefficients of suitable matrices in conditions 
approximating closely to operating conditions in a gas turbine. The method of calculating heat 
transfer coefficients from rig tests is fully described and all the necessary curves are given. 

The problems of mechanical design and sealing of the rotating matrix and the choice of matrix 
materials and construction methods have not been considered. The results are expressed in such 
a form that  they are applicable to matrices of any material provided the arrangement is geo- 
metrically similar to those tested. 

2. The Calculation of Regenerator Efficiency.--One of the major problems to be solved before 
the possibilities of the regenerator Call be fully assessed is to find a method by which the thermal 
ratio given by a regenerator can be calculated from the heat transfer properties and dimensions 
of a suitable matrix. There appears to be no general analytical solution to this problem which 
can be put in a form suitable for easy solution of particular examples. The method described 
in this report is an extension of the approximate method suggested by Hausent  The method 
can only be used with high accuracy over a limited range of conditions, these limitations are 
given in detail later. 

2.1. The Assumptions made for the Calculations.--It is necessary to make a number of assump- 
tions about the matrix properties and the operating condition to enable the problem to be put  
in a soluble form, these are : - -  

1. The thermal conductivity of the matrix material is infinitely large in a direction across the 
flow and infinitely small in a direction along the fl0w. This condition is closely approximated to 
in practice by  making the walls of the matrix very thin relative to the passage length so that  the 
interior of the material soon reaches the same temperature as the walls, and the rate of heat 
flow along the passages is relatively negligibly small. 

2. The gas and air enter the regenerator at uniform and constant temperatures. 

3. The hot and cold blow periods are of equal length and equal quantities of gas and air of 
equal specific heat flow through the regenerator at the same rate. Also the heat transfer co- 
efficient between gas and matrix is constant over th~ length of the matrix and equal to that  be- 
tween matrix and air, 

4. The blow time is long compared With the time required for an element of gas to pass through 
the matrix. 

2.2. The Differential Equations in Non-dimensional Form.--With the above assumptions 
the differential equations gNing the matrix and gas temperatures may be reduced to the simple 
non-dimensional form given below. The gas temperature at any time and position in the matrix 
is given by 

7/ 

and the matrix temperature at any time and position is given by 

where ~ gas temperature 
t matrix temperature 

heat transfer coefficient 
H heating surface area per unit length of matrix 

(1) 

(2) 



C heat capacity of matrix per unit length " 

V volume flow of gas per unit time 

cp specific heat of gas (per unit volume) 

x distance from front of matrix 

Z time from beginning of blow period 

distance from front of matrix (non-dimensional) 

" Vcp x 

time from beginning of blow period (non-dimensional) 

~H 
~- -  Z 

C 

The whole length and blow time of the regenerator may also be expressed in the same non- 
dimensional form giving, 

non-dimensional length of regenerator A -- L 

non-dimensional blow time 

~H 
Vcp 

(zH 
T I _  

C 

length of  regenerator matrix, 

blow time. 

where L 

Z 

(3) 

- - - z  . . . . . . . . . .  (4) 

When the regenerator has attained steady conditions, it is required that  the gas and matrix 
temperatures at any position and time during one cycle shall be the same after a further complete 
cycle (one hot and one cold blow). The temperature scale may be chosen so that  the cold gas 
enters from the left at temperature v~ -~ 0 and the hot gas from the right at # ---- 0, t he  length 
of the matrix extends from ~ ~ 0 to ~ ~ A and the blow time from V ~ 0 to V ~- H. For 
reversibility, the matrix temperature at each point must be the same at the end of a cold blow 
as it is at the beginning of a hot blow. The boundary conditions required for solution of equations 
(]) and (2) are then given by 

= 0 w h e n ~ - - - - 0 f r o m t i m e v - - - - 0 t o v  = H ,  
v ~ - - - 0 w h e n ~ - - A f r o m t i m e ~  = / T t o ~  = 2 / / .  

Assuming values of A and TI for both hot and cold blows and a contraflow arrangement, the 
remaining reversal condition is 

t(~, H) = O - -  t(A - -  ~, 0) 
where t (~, H) and 0 -- t (A -- ~, O) are the matrix temperatures at the end of the cold blow 
and beginning of the hot blow respectively. Parallel flow is not considered as it can be shown 
that  the limiting thermal ratio is then only 0.5. 

2.3. Solut ion of the Dif ferential  Equa t ions . - -The  problem now is to find a solution of the 
differential equations (1) and (2) for the conditions obtaining after a large number of reversals. 
Hausen 3 has produced an approximate analytical solution and has worked out a few examples 
but the method is very laborious to use and considerable effort would be required to work out 
sufficient examples to cover the required range of conditions. 

A more suitable approach seems to lie in the development of a solution on the lines of Hausen's 
approximate method 4. This method starts from a solution to the problem of the initial cooling 
of a uniformly heated matrix by a steady flow of cooling air. Hausen uses a solution due to 
Anzelius 3 but an alternative method suggested by R.A. Fair thome was found to be easier and 
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more accurate to use. A solution to the final regenerator problem is then built up from the initial 
cooling solution in which the regenerator matr ix  is assumed to be split up into a number of small 
elements throughout which the temperature is considered to be uniform and varying con- 
tinuously with time only. This method gives reasonably accurate results in mosl/cases wi th  a 
fairly small number of elements. 

The required boundary conditions for reversal appear as a number of simultaneous equations, 
the number being equal to the number of elements into which the matrix is divided for the case 
of equal hot and cold blow times and double that  number for unequal blow times.  The solution 
of these equations is laborious ; but, by  a combination of the use of the Mallock electrical cal- 
culating machine at Cambridge (which solved up to 8equations), one check solution of 20 equations 
by  the National Physical Laboratory, and the solution of a number of groups of 5 equations by 
direct computation, the useful field "for gas-turbine applications has been well. covered for equal 
blow times to an accuracy of about 1 per cent on thermal ratio. A higher accuracy is not justified 
owing to the probable errors in the heat transfer coefficients assumed for design purposes and to 
the fact tha t  the initial assumptions of section 2.1 will not be fulfilled completely in practice, 
These results are combined in Figs. 7, 8 and Table 10 and are recommended for general use 
in regenerator design. Full details of the methods used and the solutions obtained are given in 
Appendix II.  

For the limiting case when the blow time H = 0 it can be shown that  the efficiency of the 
regenerator (thermal ratio) is given by 

A 
n~o~ -- 2 + A . . . . . . . . . . . . . . . .  (6) 

and t h a t  this is also the thermal ratio of a contraflow recuperator of the same dimensions. The 
curve of equation (6) forms a very useful boundary curve for Fig. 7. 

The method of calculating regenerator efficiencies described in Appendix II can also be applied 
to the case where the blow times are of unequal length on the hot and cold sides. As mentioned 
in section 1, this is usually necessary for gas-turbine applications to equalise the air and gas 
pressure drops and reduce their combined effect on the turbine cycle efficiency. Such a regenerator 
may be described as being unbalanced. Details of the method of calculation of efficiency of an 
unbalanced regenerator and the results of a number of calculations are given in Appendix III .  
I t  is found tha t  a close approximation to the efficiency of an unbalanced regenerator can be 
reached by taking the arithmetic mean of the efficiencies obtained by considering each portion 
separately as half of a balanced regenerator and applying the following small correction factors. 

Ha Ratio ~-~ 

1/2 

I/8 

I/5 

Error 
~ m e a n  - -  ~ t rue  

0.004 

0.008 

0.013 

0.012i 

The efficiencies of a wide range of unbalanced regenerators are shown on Figs. 9 to 16 and have 
been calculated from Figs. 7, 8 using the above correction factors. The efficiency of an unbalanced 
regenerator of any intermediate ratio between 1 and 5 can be calculated from Figs. 7, 8 and the 
correction factor curve on Fig. 17. 



3. The Measurement of Heat Transfer Coefficients on Regenerator Matrices.--in a recuperator 
where the two fluids flow continuously and are separated by a surface, it is a comparatively 
simple matter  to measure the amount of heat transferred and the resistance to flow in the passages. 
It is more difficult to measure the heat transfer coefficient between one fluid and the intervening 
surface as then the temperature of the surface has to be deduced from known results or measured 
experimentally. The measurement of heat transfer Coefficients in a regenerator matrix presents 
a much more difficult problem as there is only one set of passages and the fluid flow, heat transfer, 
surface and fluid temperatures are not continuous and all vary rapidly with time. It  is, therefore, 
impossible to use a direct method of measurement and the heat transfer coefficient must be 
deduced by comparing the experimental variation of gas outlet temperature with time wittl similar 
theoretical curves calculated from assumed heat transfer coefficients. The method described 
in the following sections is similar to that  used by Saunders and Ford 6 which is based on the 
theoretical calculations of Schumann 7. 

3.1. The Calculation of Heat Transfer Coefficients from Initial Heating or Cooling Curves.-- 
I'f a regenerator matrix is cooled for a comparatively long period, so that  it is all at a known 
temperature, and then a stream of hot gas at a constant temperature and constant rate of flow 
is passed through it, it is possible to measure experimentally the variation with time of the 
outlet gas temperature from the time when the hot gas flow commences to the time when the 
outlet temperature reaches its maximum value. It  was shown in section 2.2 and Appendix I 
that  the variation of gas and matrix temperature could be expressed in terms of ~ and ~ where 

~H 
= non-dimensional length = V--~p L 

and 

= non-dimensional time _ eH Z 
C " 

For the experiment under discussion, the only unknown quantity, is the heat transfer coefficient 
e, therefore for a given matrix the quanti ty ~/~ = ( Vcp/C)Z is known. The experimental curve 
of actual gas temperature against time can, therefore, be transformed into a curve of v~ against 
~/~ where 

o Tgo-- Tm 

and Tgo gas outlet temperature 

Tg gas inlet temperature 

T,,, initial matrix temperature. 

Figs. 2, 3 show calculated values of 0 against ~ for a range of values of ~ for initial cooling, these 
can be converted to the case of initial heating as in the experiments by reversing the scale of ~. 
Curves of 0 against ~ for fixed values of ~/~ can be plotted from these curves. Such curves are 
shown in Figs. 18, 19. The method of using them is to read off the experimental curve values of 
0 at decimal values of ~/~ and then to read off from Fig. 18 or 19 the corresponding values of  
~. From these the values of ~ are calculated. If the conditions assumed in the theory were 
realised completely in the experiment, the same value of ~ would be obtained for all values of 
rl/~, except when 0 = 0 or 1 or ~/~ = 1-0, where the values of ~ become indeterminate. In practice 
the variations of ~ became large in these regions, but sensibly constant values of ~ were obtained 
over the range of ~/~ = 0'5 to 0.8. Further values o f ,  could have been obtained from the upper 
portions of the experimental curves where ~/~ -- 1.0 but these were rejected as unreliable because 
of larger heat losses from the thermocouples and matrix to the casing. 

For quick comparison of experimental and theoretical results it is preferable to compare 
curves of e vs. ~/~ for fixed values of ~ as in Figs. 23, 25, 27. From such comparisons it is easy 
to investigate the cause of errors in the experimental curves as described in Appendix IV. 



3.2. Test Rig for Measuring Heat Transfer Coefficients.--From the foregoing section the 
requirements of the test rig are seen to be : - -  

(a) A supply of hot air or gas at constant tempe:~ature and pressure. 
(b) Provision for starting and stopping the gas supply instantaneously without upsetting 

the temperature or pressure appreciably. 
(c) Provision for measuring the mass flow of gas through the matrix. 
(d) Provision for measuring accurately the variation of inlet and outlet gas temperatures 

with time after commencement of the hot gas flow. 
(e) Provision for measuring the pressure drop across the matrix during the blow period. 
(f) Provision for cooling the matrix uniformly to a constant low temperature after each 

heating. 

The size of the test matr ix was kept to a minimum so that  test samples of unusual materials 
or difficult construction could be provided more readily. When heat transfer measurements 
only are required, a lower temperature, to reduce heat losses, and a large size to reduce the 
relative weights of casing and insulation, would improve the accuracy considerably. 

3.21. Hot gas and cold air circuits.--Fig. 20 shows the arrangement of the test rig in its final 
form. Hot gas was supplied from a typical gas turbine combustion chamber so that  the mixture 
of gas, amount of soot and the temperature corresponded closely to those encountered in practice. 

3.22. Measurement of temperature and time.--Due to the rapid changes of temperature of the 
gas, of the order of 30 deg C per second, thermocouples having a very quick response, but suffi- 
ciently robust to stand up to the gas loads, were necessary. These requirements were met by 
using Chromel-Alumel couples of 30 S.W.G. The wires were bent in a direction parallel to the 
gas flow for a distance of about ~ in. to minimise conduction along the wires. The wires entered 
the duct and were supported across the flow in ceramic tubes about ~ :  in. diameter, each wire 
b :ing in a separate tube. The wires were electrically welded together to form a junction. 

It  was also necessary for the voltage recording instrument to have a negligible time lag and 
to be accurate over a wide range of temperature. The possibility of using a high speed galvano- 
meter and photographing its movements On a film was considered but no such instrument was 
available and would have taken too long to develop. The only instrument available was a Negretti 
and Zambra quick reading potentiometer which can be read t o  0.02 millivolts (about 3 deg C) 
the galvanometer of which responds very rapidly. The only way to co-ordinate time and tem- 
perature accurately was to set the potentiometer to a suitable voltage and measure the time 
taken from the start of the hot gas flow to the instant when the galvanometer showed that  the 
potentiometer was balanced. The cycle of cooling and heating was then repeated with the 
potentiometer set to a different voltage. In this way the complete time-texnperature Curve of 
the gas at the matrix outlet was built up. An electrically operated stop clock was fitted and 
arranged to be operated by the rise in voltage of the inlet thermo-couple. The circuit diagram 
is shown in Fig. 21. Time and temperature curves were taken in this way for each of the three 
thermocouples (1, 2, 3). The variation of pressure drop across the orifice a n d  across the matrix 
during a heating period were also recorded at intervals of 5 sec, and readings were taken of the 
three temperatures, gas inlet pressure and pressure drop and orifice inlet pressure and pressure 
drop when the matrix has reached steady conditions after heating for at least 5 rain. Provided 
that  care was taken to maintain the temperature in the combustion chamber at a constant value 
during the whole test no difficulty was experienced in obtaining consistent and repeatable 
results. 

3.3. The installation of the Matrix in the Test Rig.--The arrangement of matrix container i s  
shown in Fig. 24. The container was 3 in. diameter made from 0.006 in. beryllium-copper foil 
of a length appreciably greater than the matrix and insulated with crumpled ' Alfol,' The 
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matrix was made accurately circular and a t ight push fit in the container. A typical heating 
curve obtained with this arrangement is shown on Fig. 25 with the corresponding theoretical 
curve for comparison. 

3.4. Condensation Effects in the Matrix.--During the winter it was found that  considerable 
distortion of the heating curve was being caused by condensation of the moisture in the hot gas 
during the initial stages of the heating cycle. Fig. 26 shows the distortion due to this effect. 
The effect was easily overcome when the cooling air flow was altered so as to be in the same 
direction as the gas flow when the leakage of hot gas through the sluice valve was sufficient 
to raise the cooling air temperature to about 40 deg C which was above the dew point of the 
moisture in the hot gas. The heating curves then obtained agreed very well with the theoreticM 
ones as shown on Fig. 27. 

4. Details of Matrices and Results Obtained.--The most essential characteristic of a regenerator 
matrix of minimum weight is a large surface/volume ratio which can be obtained b y  very fine 
subdivision of the material. Two types of matr ix have been considered, firstly one with long 
smooth passages to give minimum pressure drop and secondly one with flow over the outside 
of wires or rods to give maximum heat transfer coefficients. For the first type, flame-trap material 
of alternate layers of plain and corrugated cupro-nickel sheets were used and for the second 
type packs of wire gauze were used. A few tests were also made with random packings of glass 
and steel wool. Details of the matrices tested are given i n Table 12. 

4.1. Materials for Matrices.--The flame-trap material was made from 70/30 cupro-nickel in 
strips of 0.002 in. thickness and the wire gauzes were of brass, mild steel, stainless steel and 
copper. With the exception of the copper none of these materials showed any deterioration or 
corrosion after tests in the heat transfer rig with gas at temperatures of about 500 deg C. As 
might be expected the copper gauze oxidised and disintegrated fairly rapidly. One matrix was 
made from a loose pack of glass wool and another from a similar pack of mild steel wool as these 
would give a much finer subdivision of surface than is possible with gauzes. Examples of the 
surface areas obtainable with steel wool are given in Table 12. 

In practice, however, it was found that  the glass wool disintegrated and a large proportion of 
it disappeared during the first test. The steel wool exploded immediately the hot gas was 
admitted. 

4.2. Details of Matrices.--4.21. Flame-trap matrices.--Flame-trap material consists of alter- 
nate layers of plain and corrugated strip ~ in. wide and 0.002 in. thick. Two sizes of corrugation, 
0.03 in. and 0.02 in .  high, were used. Deta i led  shapes are shown on Figs. 28, 29. Details of 
dimensions, surface areas and weights of all the arrangements tested are given in Table 12. 
Only those matrices in a round container gave satisfactory test results, they are listed below : - -  

Height of 
corrugation (in.) 

0'03 

0"03 

0'03 

0"03 

0"02 

0'02 

Number of 
layers used 

Total' passage 
length (ft) 

0.073 

0.1,~6 

0.292 

0.073 

0.073 

0-292 

Remarks 

Slitted* 

* Material slitted at ~ in. pitch to reduced longitudinal conduction, s e e  section 4.40. 
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4.22. Gauze matrices.--Measurements have been made on packs of both standard and special 
gauzes. Standard meshes of gauze have too close a mesh relative to the size of wire and so have 
rather a small throughway area for use as a matrix. Table 12 shows that  for a given matr ix 
volume the flame traps and standard gauzes have about the  same surface area, but  the flame 
trap has twice the throughway area. For this reason various speciaI gauzes having roughly 
twice the wire spacing of a standard gauze were made. All details of the various gauze matrices 
tested are given in Table 12. 

Those arrangements for which satisfactory test results were obtained are listed below : - -  

Number of 
wires per inch 

(1) so 

(2) 30 

(3) 20 

(4) 40 

Wire diameter 
(in.) 

0.0105 

0.0105 

0.009 

0.0045 

Number of 
layers used 

100 

150 

100 

98 

Gauzes (1) and (2) provide a check on the independence of the heat transfer coefficient on the 
number of layers used. Gauzes (3) and (4) are roughly geometrically similar. I t  will be seen 
from Table 12 tha t  the fine gauze (4) has a much larger surface area and lower weight per unit  
volume than the other gauzes. 

4.3. Choking and Fouling of the Matrices.--No trouble was experienced with appreciable 
choking of the matrices during tests. When the combustion chamber was in need of cleaning, 
loose particles of carbon would collect on the face of the matrix but  were easily removed. There 
was no sign of any building up of soot inside the passages in the matrices. As mentioned in 
section 3.2, above, too much weight must not be given to  this result. 

4.4. Test Results--Heat Transfer Coefficients.--The results of the heat transfer measurements 
are shown on Figs. 30, 31, 39, and Table 13. The method of obtaining heat transfer coefficients 
from the experimental heating curves has been described in section 3.1. The results given are 
the mean of the values calculated for ~/~ values of 0.1, 0.2, 0.3 . . . . . .  0.9, excluding all points 
where ~ -~ 0. The viscosity and density of the gas were taken to be the average value of the 
mean between the inlet and outlet gas temperatures in the matrix. The minimum throughway 
area has been used for calculating the mass velocity in conformity with the generai practice for 
heat transfer from banks of tubes. 

The heat  transfer coefficient k~ = ~/G~ax cp is plotted on a log scale against Reynolds number 
on Fig. 30 ; for gauzes Rp ---- G~ax z~D/~ was used and for flame-trap matrices Rp : GmaxAL At//~A~. 
The use of wire perimeter for Reynolds number was suggested by Norris and Spofford 8 for 
correlating heat transfer results on interrupted fin surfaces. The recommended line from their 
results is shown on Fig. 30. The results for gauzes were also correlated on a basis of Reynolds 
number using hydraulic diameter, but better agreement between the results for different gauzes 
was obtained by using wire perimeter. 

I t  will be seen tha t  the results from tests on gauzes lie on straight lines, parallel to and sub- 
stantial ly below Norris and Spofford's lines. The equation for the line through the 20-mesh 
results is 

k .  ----- O.81Rp -°:s° . . . . . . . . . . . . . . . .  (40) 
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for the 30-mesh results 
kn = 0"66Rp -°'~° . . . . . . . . . . . . . . . .  (41) 

and for the 40-mesh results 
kH = 0"60Rp -°'~° . . . . . . . . . . . . . . . .  (42) 

AS the 20- and 40-mesh gauzes are approximately geometrically similar it might have been 
expected that  the relationship between k~ and Reynolds number would have been the same 
for both gauzes. The results show however tha t  the larger gauze tends to have a higher heat 
transfer coefficient than the smaller one. The reason for this is not clear though there are several 
reasons why some such discrepancy might exist. There may not be complete geometrical 
similarity, and the Reynolds similarity does not cover effects of conductivity, heat soakage or 
non-uniform wire surface temperature. 

On Fig. 31 the results of the  20-, 30- and 40-mesh gauze heat transfer tests are plotted on log 
scales in the form of Nusselt number N,~ = c~D/k against Reynolds number Rd = Gmax D/~. where 
D is the wire diameter. For comparison the curve for heat transfer from single wires given by 
McAdams I° is also shown. The results of the tests on gauzes lie on lines almost parallel to tha t  
for a single wire and some 50 per cent below it, giving the following equations for the heat 
transfer of gauzes 

~O (Gm~ D) 0"50 
20-mesh gauze -~- = 0.33 

c~D 0.27(Gm.x D)° '~°  . . . . . .  (43) 30-mesh gauze k -- # "" 

40-mesh g a u z e - ~ - =  0. 4 : • 
# 

I t  was to be expected tha t  the heat transfer coefficient kn o~ the flame-trap matrices would 
be inversely proportional to the Reynolds number (based on hydraulic diameter). In practice 
this was found to be approximately true for Reynolds numbers above about 60 but  at lower 
flows there is no further increase and some evidence of a reduction of heat transfer coefficient 
as shown by  the lower group of curves on Fig. 30. I t  was also to be expected tha t  with laminar 
flow the heat transfer coefficient would be lower for longer passages, though tile fact tha t  the 
long passages were made up of several ~ in. lengths in series might reduce this effect. The resul ts  
show that  there is an appreciable effect of length, the heat transfer coefficient for four elements 
being lower than for 2 elements. I t  was not possible to test single elements at Reynolds numbers 
above the critical value owing to their low heat capacity. The small size of corrugation having 
larger values of l/d has a lower heat transfer coefficient than the large size at the same Reynolds 
number. 

The equations of the straight portions of the curves are 

for 2-element large corrugation k~ = 2-7R -1'° 

for 4- ,, , ,  ,, kn = 0.845R -°'81 ~ . . . .  (44) 
/ 

for 4- ,, small ,, kH = 0"205R -°'5~ J 

The flame-trap results are also plotted on Fig. 31. I t  will be seen that  at low Reynolds numbers 
the Nusselt number is nearly proportional to the Reynolds number but above the critical region 
the Nusselt number tends to become constant as would be expected for laminar flow in a smooth 
tube. The results obtained by  Glaser 11 are also shown on Fig. 31 for comparison. His results 
are approximately in agreement with the present results at low flows but  he did not show any 
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tendency for the Nusselt number to become constant at high flows. This may be at tr ibuted 
to the fact tha t  he used diagonal corrugated strip without any intermediate flat strip, the resulting 
passage then has some resemblance to the passage through a gauze matrix. The mean steady 
values for flame-trap matrices are 

2-element large corrugation N,~ = 1 . 9 ,  

4- . . . . . .  N ~ =  1.6, 

4 -  , . . . . .  N , =  1 . 5 .  

I t  has been suggested that  thermal conduction along the walls of flame-trap materiai might 
adversely affect the performance ; to check this a single round element was constructed from plain 
and corrugated material which had been perforated along its length so that  the } in. width 
of material had four slits about -~- in. apart. The performance of this element was compared 
with tha t  of an otherwise identical unslitted element. Figs. 30, 31 show that  there was a 
slight advantage for the slitted element at low flows only. As there was only a single element of 
s l i t ted material available it was not possible to get results at higher flows. The difference 
measured is less than the limits of accuracy of the tests and cannot be relied upon. 

4.41. Pressure-drop results and the relation between heat transfer and pressure drop.--The 
results of static-pressure drop measurements taken during the heat transfer tests and averaged 
in the same way are also shown on Fig. 30 and Table 13, the dotted lines showing the half friction 
factors C:/2 calculated from the pressure-drop results. It  will be seen that  the results lie on 
straight lines parallel to and considerably above the heat transfer results indicat ing tha t  the 
ratio kn/C:/2 is approximately constant over the range of Reynolds numbers but  that  the value 
of the ratio is much less than the value of uni ty  derived from Reynolds analogy for friction and 
heat transfer for flow inside a round tube. Values of the ratio k,/C:/2,  which may be regarded 
as a measure of heat transfer efficiency, for both gauzes and flame-traps are tabfilated in Table 13 
and plotted against Reynolds number on Fig. 32. I t  was thought that  the ratio would be higher 
for flame-trap material than for gauzes as the passages are much smoother and the flow more 
truly laminar, but there is actually no appreciable difference at Reynolds numbers above about 
60, but at lower flows the ratio ke/C:/2 for flame-traps is lower than for gauzes because the heat 
transfer coefficient of flame-traps decreases while the friction factor continues to increase as 
the flow is reduced. The results of friction factor measurements on flame-traps lie approxi- 
mately  parallel to and Slightly below the usual line for laminar pipe flow 

C:/2 ---- 8 R  -1"° . . . . . . . . . . . . . . . . .  (45) 

The equation of the line through the results for the larger flame-traps is 

C:/2 = 2.21R -°'Ts . . . . . . . . . . . . . . . .  (46) 

and for the small flame traps 

C:/2 = 3.73R -0:87 . . . . . . . . . . . . . . . . .  (47) 

The reason for the higher friction factor for the small flame-traps may be the relatively greater 
thickness of material used, giving higher end losses. 

The average vMues of the heat transfer efficiency of the various matrices are 

20-mesh gauze kn/C:/2 = 0.35 

30- ,, ,, --= 0 . 4 5  

40- ,, ,, = 0.27 

2-element flame-trap (large) --= 0.38 

4 -  , . . . . . . .  = 0 . 3 5  

4- , . . . . .  (small) -- 0.26 
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5. Examples of Regenerator Performance.--in the following sections a number of examples 
have been worked out to show the effect of the main variables of matrix type, blow time, flow 
rate and ratio of  air to gas blow time on the weight, pressure drop and efficiency of a regenerator. 
The examples are all based on a typical gas-turbine cycle in which the following operating con- 
ditions are assumed : -  

Mass flow rate of gas 
Mass flow rate of air 

Mean  density of gas 
Mean density of air 

= 20 lb/sec 
= 20 lb/sec 
= 0.033 lb/cu ft 
---- 0.184 lb/cu ft 

Mean viscosity of gas and air ---- 2.25 × 10 -5 lb/ft sec 

In most of the examples a fl0w rate of 1 lb/sec/sq ft of frontal area of matrix has been assumed. 
This gives a total  frontal area for tile m~ttrix of 40 sq ft which would probably have to be folded 
in some way to reduce the dimensions to reasonable values. 

When designing regenerators to work to a fixed efficiency it will be found more convenient to 
use the curves on Fig. 33 or 34 which show the variation of efficiency with length and utilisation 
factor II/A instead of Figs. 7 and 8. Utilisation factor is independent of the heat transfer co- 
efficient and depends on tile matr ix dimensions, heat capacity, gas or air flow and blow time. 
For working out a number of regenerators with the same efficiency it  is useful to plot A against 
(H/A) for the particular efficiency as for example, on Fig. 35. 

6. Conclusions.--Hausen's heat pole method gives a comparatively simple solution to the 
problem of calculating the efficiency of a regenerator. The method is accurate over a limited 
range of conditions only, but  sufficient reliable results have  been obtained 'to give the efficiency • 
over most of the range required for gas turbines. The results are given in the form of curves 
from which intermediate values can easily be obtained. The accuracy is estimated to be within 
1 per cent of thermal ratio. For a regenerator with unequal blow times curves giving the 
efficiency for inequalities up to 5/1 are given, though it seems unlikely tha t  ratio much greater 
than about 2/1 will be encountered in practice owing to the variation of heat transfer with flow 
rate. The arithmetic mean of the separate efficiencies of the two halves of the cycle gives a close 
approximation to tile true efficiency and correction factors are given to obtain the true efficiency, 
tile correction is of the order of 1 per cent. 

The method described of measuring the heat transfer coefficient of a finely divided matr ix 
from the heating or cooling curves is the most practical way when the passages are too small 
to allow of direct measurement. The accuracy is not high (about 4- 20 per cent) but  the test rig 
is simple and tests can be made under operating conditions. I t  was found tha t  a round matr ix 
was tile only construction which could be made to withstand high temperature conditions and 
retain its shape and yet have a sufficiently low weight and heat loss to have a negligible influence 
on the test results. None of the matrices tested showed any deterioriation or tendency to soot 
up during the tests with the exception of the copper gauze, glass wool and steel wool, which were 
quite unsuitable for high temperature conditions. I t  is recommended that  future test rigs should 
be designed for matrices not less than about 6 in. in diameter, so as to keep the heat losses and 
heat  capacity of tile casing small relative to the heat capacity of the matrix. 

The heat transfer coefficient of gauze matrices are two or three times those of flame-traps but  
with a corresponding increase in pressure drop. The heat transfer coefficients of the gauze 
matrices all lie on lines parallel to and appreciably below, the published results for interrupted 
finned surfaces. This may be at t r ibuted to shielding of part  of the surface of the wire in the 
meshes. Thickwires tend to have slightly higher coefficients than thin wires, at a given Reynolds 
number. Further  work is required to establish the effects of spacers between the layers and of 
compressing the layers t ight ly together. The heat transfer efficiency kn/CI/2 has a value of 
about 0.3 for gauzes and is independent of Reynolds number. The number of layers does not 
affect the heat transfer coefficient . . . .  
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With  flame-trap matrices, the heat transfer only conforms to laminar laws for  Reynolds 
number greater than about 60, below this point the heat transfer .decreases rapidly, following 
closely the relationship between Nusselt number and Reynolds number found by Glaser. The 
friction factor remains inversely proportional to the Reynolds number over the whole range 
so that the heat transfer efficiency only remains constant and approximately equat to that for 
.gauzes at Reyno!ds numbers above 60, below which it decreases rapidly. There is a small decrease 
m heat transfer coefficient at the same Reynolds number as the number of elements in series is 
increased. The heat transfer coefficients of the small (0.02 in.) flame-traps is lower for the same 
length and Reynolds number than for the large (0.03 in.) elements. 

The lowest weight for a given performance is obtained for a fine wire gauze matrix, but the 
pressure drop is higher than for a smooth flame-trap passage. The saving in weight is more 
marked than the increase in pressure drop. For a gauze matrix the weight is approximately 
proportional to the wire diameter and nearly independent of the mesh of the gauze. A gauze of 
40 wires per inch, 0.0045 in. diameter, is a good compromise for low weight and moderate pressure 
drop. Some reduction of pressure drop at the expense of increased bulk could be obtained by 
using 20 wires per inch. Stainless steel is the best material to use for wires because of its high 
specific heat and heat resisting properties. The weights given are for the matrix only ; when 
total weights are considered the advantage gained by using gauzes may be reduced. A detailed 
study of possible framework designs is necessary to determine the net  saving. 

T h e  effect of speed of rotation of the matr ix  on the performance is not large provided the 
speed is not too low. Too high a speed leads to excessive leakage and let down losses. A matrix 
material of high specific heat is an advantage in that lower speeds are required for the same 
performance. 

A substantial reduction of gas pressure drop can be obtained at the expense of some increase 
in air pressure drop and a small increase in weight by dividing the matrix unequally between 
gas and air. A division which gives a gas blow time two or three times the air blow time wilt 
probably be found most satisfactory. The best ratio to use depends on a large number of factors 
and no precise general answer can be given. 

A 
AI 
Aa 
C 
cp 

CA2 
D 
d 
G 

Gmax 
H 
Jo 

k 

L 
M 

List of Symbols 

Frontal area of matrix 
Minimum throughway area of matrix 
Surface area of matrix 
Heat capacity of matrix per unit length 
Specific heat of gas C.H.U./1 b deg C or C.H.U./cu ft deg C 
Half friction factor = pap g(1/Gmax 2)(AJA~) (non:dimensional) 
Wire diameter f t  
Hydraulic diameter = 4LAt/A~ ft 
Minimum mass velocity = W/A lb/sec sq ff 
Maximum mass velocity = W/At lb/sec sq ft 
Heating surface per unit length of matrix = A~/L It 
Bessel function zero order 
Bessel function first order 
Thermal conductivity of gas C.H.U./sec sq ft deg C per It 
Heat  transfer coefficient (non-dimensional) = o~/Gm~x cp 
Total length of regenerator passage ft 
Weight of matrix (excluding frame etc.) , lb 

sq ft 
sq ft 
sq ft 

C.H.U./deg C It 
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. N  . 

Q 

(~id 

R 

R~ 

t 

t. 

T, 

U 
7) 

V 
Vo 
vL 

W 

W 
X 

z 

Z 
o~ 

A~ 
P 

~] reg 

~ lec  

A 

H 

# 
~9 

List of Symbols--continued 

Weight of matrix Container lb 

Number of strips or layers in matr ix 

Nusselt number, non-dimensional heat transfer coefficient = ~D/k or 
~d/k 

Amount of heat transferred in actual regenerator per blow 
period C.H.U. 

Amount of heat transferred in ideal regenerator per blow 
period C.H.U. 

Reynolds number based on hydraulic diameter = Gm~ d[# 
Reynolds number based on wire diameter = Gm.~ D[~ 
Reynolds number based on wire perimeter ----- Gm~xaD[~ 
Matrix temperature " 
Final temperature at end of blow period in nth  strip of matrix 

Gas outlet temperature 

Gas inlet temperature 

Matrix temperature at s tar t  of heating 

Utilisation factor = H/A 
Velocity of gas 

Volume flow of gas per. unit time 

Volume of gas flowing in one blow period 

Volume of matr ix = AL 
Volume flow of gas during time, Z 

Mass flow rate of gas or air 

Distance from entrance to matr ix passage 

Time from start  of blow 

Blow time 

Heat  transfer coefficient 

Heat-pole function for nth  strip of matrix 

Pressure drop lb/sq in. 

Density of gas or air lb/cu It  

Distance from front of regenerator = (o~H/Vcp)x (non-dimensional) 

• Time from beginning of blow = (~H/VC)w (non-dimensional) 

Regenerator efficiency = Q~ Qi~ (Thermal Ratio) 

Recuperator efficiency = A[(2 + A) (Thermal Ratio) 

Length of whole regenerator = (~H./V@ L (non-dimensional) 

Blow time = (c~H/C)Z (non-dimensional) 

Viscosity of gas or air lb/ft see 

Gas temperature 

ft/sec 

cu ftlsec 

c u f t  

cu ft 

cu ft 

lb/sec 

ft 

s e c  

s e c  

C.H.U./sec sq f t  deg C 
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A P P E N D I X  I 

1. I t  is required to find a solution of the differential equations (1) and (2) for the boundary 
conditions obtaining after a large number of reversals with steady gas and air temperatures when 
the matrix has reached a constant temperature at a given time in the cycle. The temperature 
scale may be chosen so that  the cold gas enters from the left at temperature ~9 = 0 and the hot 
gas from the right at temperature v~ -- 0, the length of the matr ix extends from ~ = 0 to ~ = A 
and the blow time from v = 0 to v = //.  For reversal, the matrix temperature at each point 
must  be the same a t  the end of a cold blow as it is at the beginning of a hot blow. The boundary 
conditions are then 

~ 9 = 0 w h e n ~  = 0 f r o m  t i m e r  = 0 t o y  = / 7  

~9 = 0 w h e n  ~ = A f rom t i m e  ~ = /7 to  ~ = 2/7 (or 0 t o / 7 ) .  

A s s u m i n g  e q u a l  va lues  of  A a n d / / : f o r  b o t h  h o t  a n d  cold  b lows  a n d  a con t ra f low a r r a n g e m e n t  
t h e  r e m a i n i n g  reversa l  c o n d i t i o n  is 

t(~, 1-I) = 0 - -  t (A - -  ~, 0) . . . . . . . . . . . . . .  (1) 

w h e r e  t(~, 17) is t h e  t e m p e r a t u r e  a t  t he  end  of  a cold b l o w  and  0 - -  t (A - -  ~, 0) is t he  t e m p e r a t u r e  
a t  t h e  beg inn ing  of  a ho t  b low.  
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Hausen  has suggested a possible analyt ica l  me thod  of solution 3 bu t  it  is ve ry  laborious to use 
and  he has only worked  out  a few examples  covering a ve ry  wide range. Fig. 13 of Ref. 3 shows 
his results in the  form of regenera tor  efficiency for lengths up to 50 and t imes of 0, 10, 20, 30, 
40, 50. The most  useful range for turbines  is for lengths up to 40 and t imes  up to 10 ; therefore,  
an a l te rna t ive  solution on the lines of Hausen ' s  second papeP  has been developed as follows. 

2. Solution of the Equations for the Init ial  Blow Period.--Anzel ius  5 has shown tha t  if the  gas 
flows from the  left at  t empera tu re  ~ = 0 and  the ma t r ix  is ini t ia l ly  at  a uni form t empe ra tu r e  
t = 1 the  n during the  first coming period the solution of the differential equat ions is 

t - -  v~ = e-(* +~) yo(2iv/($v) ) . . . . . . . . . . . . . .  (2) 

hence 

Equa t ion  (3) cannot  be in tegra ted  in a closed form. Values of t can be found by  p lo t t ing  values 
of (at/a for a suitable range of values of ~ and  ~ and in tegra t ing  the  resul t ing curves graphically.  
Tables of Bessel functions are available for low values of ~ and there  are approximat ion  formulae 
available for  higher  values.  This me thod  was t r ied and  found to be laborious and  not  ve ry  
accurate.  Al te rna t ive ly  Hausen  suggests finding a cubic equat ion  to fit the  curve of (at/a 
sufficiently accura te ly  over the required range and then  in tegra t ing  the  cubic equat ion.  

A more  direct me thod  suggested by  R. A. Fa i r thorne  has been used extensively  in this report .  
Equa t ions  (1) and (2) can be represented  in the  form of a ma t r ix  or mesh of points  by  

(1 + h)x,~,, = x,~_l,,, + x<,_ ,  --  (1 --/~)Xm_i, , , - I  . . . . . . . .  ( 4 )  

where  x.,, ~ =_ ~,~,,,,1, and  h is the  size of mesh 
o r  tmh ' nh 

so tha t  this equat ion  can be used for f inding either t or ~ by  subs t i tu t ing  the appropr ia te  s tar t ing 
values for t or v~ when ~ = 0, ~ - -  0. The need for using a very  fine mesh  can be avoided by  using 
Richardson ' s  ' deferred approach to the  l imit . '  Tha t  is, find the  values at  the  required points  
using an in te rva l  h l and  then  using a smaller in terval  h2 and ext rapola te  to the  values when  
h = 0. I t  is convenient  to make  ha = ½h, then  if 61 is the value found w i t h h l  and  ¢1/2 the value 
wi th  h l/2 then  the  be t te r  approximat ion  is 

¢ = ¢1/2 + - ¢ 1) . . . . . . . . . . . . . . .  ( s )  
I t  was found tha t  except  at low values of ~ and  ~ ve ry  accurate  results could be ob ta ined  by  

using hi  = 1 and  h2 = 0.5. For  low values hi = 0.5 and  ha = 0.25 was used. The s tar t ing values 
for ma t r ix  t empera tures  dur ing init ial  cooling are given by  t = e -~ when  F = 0 and  t = 1 when  
v = 0 for all values of ~. For  gas t empera tures  dur ing ini t ial  cooling 0 = 0 when  ~ = 0 for all 
values of V and ~ = 1 --  e -* when  ~ = 0. Table I shows values of ma t r ix  t empera tu res  (t) 
dur ing init ial  cooling calculated b y  this m e t h o d  for values of ~ = 0, 0.5, 1, 1.5 . . . . .  7.5, 8, 9 . . . . . .  
20 a n d ~  = 0 , 0 . 5 , 1 , 1 . 5 , 2  . . . . .  4 and  for ~ = 0 ,1 ,  2, . . . . .  20 f o r ~  = 4, 5 , 6  . . . . .  10. Simi- 
lar ly Table  I I  shows values of gas t empera tu re  (~) dur ing init ial  cooling for values of F ---- 0, 1, 
2, 3 . . . . .  80 and  ~ = 0, 1, 2, 3 . . . . .  80. These results  are p lo t ted  on Fig. 1 for ma t r ix  tem- 
pera tures  and  Figs. 2 and 3 for gas tempera tures .  

3. Solution of the Reversal Condition by the Heat Pole Method. - - I t  has been shown in the  
preceding section tha t  from an init ial  uni form condi t ion the final ma t r ix  t empera tu re  distri- 
bu t ion  can be found. In  Ref. 4 Hausen  gives a m e t h o d  which  he calls the  ' hea t  pole ' m e t h o d  by  
which  this informat ion  can be used to find the final ma t r ix  t empera tu re  dis t r ibut ion f rom any  
init ial  t empera tu re  dis t r ibut ion and  hence find the dis t r ibut ion required for the  reversal  condition, 
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Briefly, the  ma t r ix  is d ivided up into a n u m b e r  of na r row strips and  ini t ial ly the  t empera tu re  
dis t r ibut ion is assumed to be as shown in Fig. 4, t ha t  is t = 0 at  all points except  in one section 
where  t = 1. If  gas then  flows th rough  at a t empera tu re  e = 0 after  a t ime ~ the  hea t  will be given 
up to the succeeding sections of the  ma t r ix  and  the hot  section will be cooled down as shown by  
the  curve, on Fig. 4. This is called the hea t  pole funct ion A y and  is obta ined  f rom the  curves Of 
Fig. 1 by  subt rac t ing  the  average value of the  appropr ia te  curve over the  wid th  of one h e a t  pole 
f rom the  average value  in the succeeding section. I t  is now assumed tha t  the  ma t r ix  has an 
init ial  t e m p e r a t u r e  d is t r ibut ion such tha t  the  average values of the  ma t r ix  t empera tu re  in each 
section is f~, f~, f~ . . . . .  f i  t hen  the effect of f l  on each section after  a t ime n will be 

f~A,~,flzl ,2,f~zl,8 . . . . .  f~A,,  
and similarly for all except  the  first section the  effect of f~ will b e  

f=zl, t, f2zl, ~, f2zl ,a, • • • • .f=A, ._ ~ " 
and  so on. 

Owing to the  l inear characteris t ics  of the  differential equat ions it is permissible to add  up t h e  
effects in each  section so tha t  the  total  t empera tu re  in the  sections after a t ime ~ is 

1st section t ,  = f lay1  

2rid ,, t~ = f iA ,~  + f2Ayl 

4th ,, t4 = f~A,~ + f~A,3 + f~A,2 + f~A,~ 

n t h  ,, t. = f~Ay. + f~Ay._~ + faAyi_~ + . . . . .  + f.Ay~. 

. .  (6) 

All t ha t  is now required to satisfy the  reversal  condit ion is to choose values of f l ,  f2, fa • • • f ,  
such t ha t  the final d i s t r ibu t ion  after  a cooling and an equal  and opposite hea t ing  is the  same as 
f l ,  f2, .f~ . .  • f~. I t  was first t hough t  t ha t  this could best be done by  s tar t ing from a uni form 
dis t r ibut ion of f l  to, = 1 and  applying the  h e a t  pole functions a l te rna te ly  in each direct ion 
unt i l  a ba lance  was obtained.  The  example  chosen was A = 20, H = 3 bu t  it was found tha t  af ter  
several reversals the  required condit ion was ve ry  far from being reached.  To speed things u p  a 
fresh s tar t  was made  wi th  the init ial  d is t r ibut ion assumed diagonal  and  after a few reversals 

condit ion was reached  which  appeared  to be ve ry  close to the  required ba lanced condition,  
bu t  when  the  efficiency was calculated from these results it  was appreciably  below the k n o w n  
t rue  result . .  A more  accurate  value of efficiency could be o b t a i n e d  by  tak ing  an average of the  
initial  and  final d is t r ibut ion curves bu t  when  this average was used for a fur ther  reversal  it  d id  
not  fulfil the  reversal  condition. This process was found t o  be very  laborious and  of doubt fu l  
accuracy  and  was therefore  abandoned.  

The  exact  values of f l ,  f= • • • f~ required to meet  the  reversal  condit ions can be found  by  ex- 
pressing the  problem in the  form of s imul taneous  equations.  If the  hot  gas and cold gas tempera-  
tu re  are 1 and  0 respect ively then  for the  reversal  condit ion and  equal  flow t imes the  in i t ia l  
and  final t empera tu re  dis t r ibut ion curves mus t  be symmetr ica l  at opposite ends of the diagonal  
line when the  ho t  gas and  cold gas are in contraflow, tha t  is, 

t l  ~ 1 - - A  

t~ = 1~-- f~_~ 

t3 = 1 - - f . _ ~  

L =  l - - - f 1  

i 6  

(7) 



where f l, f 2, f a 
cold blow and 
Substituting the 

. . . f,, are the mean temperatures in the matrix sections at the beginning of the 
t~, t 2 . . .  & are the corresponding temperatures at the end of the cold blow. 

equation (6) in (7) gives, 

Ay~f, q- f , ,  = 1 ~ 

+ f , _ , =  1 
. . . .  ( s )  

Ay,,f~ + A, .... ,.f2 + A, . . . .  <f3 . . . . .  Ay~f,, + . f l  = 1. 

If values of the heat pole functions Ayt . . .  Ay,, are chosen for the blow time required then 
solving the simultaneous equations (8) gives the initial temperature distribution f l ,  f ~ . . . f ,  
required to meet the reversal conditions. This is quite a simple method provided that  the 
simultaneous equations can be solved readily. Unfortunately there is no quick method of 
solving equations of more than a very few unknowns and the accuracy of the solution is bound to 
decrease as the width of the heat poles is increased. In practice it was found that  equations 
of more than 5 unknowns were very cumbersome to solve by ordinary methods, though a number 
of solutions for 8 unknowns were obtained on the Mallock calculating machine at Cambridge. 
This machine is very quick but  not very accurate. Electronic calculating machines now being 
built will extend the practicable range of this method considerably. A trial set of 20 equations 
was solved b y  the relaxation method by  the N.P.L. and, as will be discussed later, gave a very 
accurate result. 

4. Heat  Pole F u m t i o n s . - - T a b ! e s  3 to 7 give the heat pole functions for blow times between 
1.5 and 10 and for heat poles of width 1 to 5. These were obtained from Table 1 or Fig. 1, b y  
subtracting the average value of matrix temperature over the required 'width from the average 
value in the next section. Originally the arithmetic mean value over each section was used but it 
was found that  for the shorter blow times th i s  caused appreciable errors and so the true average 
was generally used. Widths greater than 5 are not likely to be sufficiently accurate except for 
very long blow times which are not of great interest for gas-turbine applications. 

5. The Calculation of Regenerator Ef f ic iency by the Heat  Pole M e t h o d . - - i f  an ideal regenerator 
is defined as one which heats the cold gas up to the same temperature as the hot gas (that is f rom 
v~ = 0 to v~ = 1) then the heat transferred during the blow time Z would be 

O,e= W , Z  x 1 . . . . . . . . . . . . . . .  (9) 

The regenerator efficiency or thermal ratio ~rog may be defined as the ratio of the amount of h e a t  
actually transferred during one blow time to that  of an ideal regenerator (Q~d). Consider an actual 
regenerator divided into N strips with starting temperatures for the cold blow f l ,  f=, fa • • • fN 
then the final temperature in the nth strip for contraflow will be 

t. = t -- f~r-(.- 11 . . . . . . . . . . . . . .  (10) 

and during the cold blow the nth strip will give up a quant i ty  of heat to the gas 

L 
d (2 = c ( I , , -  t,,) 

L' + fN_(,,_l) 1 = C ~ [ f , ~ - - I  . . . . . .  . .  

where C is the heat capacity per unit length of matrix and L the length of matrix. 

i7 
B 
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The heat given up by the whole matrix during one blow period would then be 

Q = ~ ~Q = CL - -  1 × 1 . . . . . . . . . . .  ( 1 2 )  
1 

Then the regenerator efficiency will be given by 

~°~  - Q,~ - v c~ z . . . . . . . . . . . .  ( 1 3 )  

which becomes 

1 n 1 . . . . . . . . . . . . . . .  (14) 

In Ref. 3 Hausen shows that  the limiting value of ~r,g when the bl0w time becomes zero is 
given by 

l i m  (~ro~) - -  A . . . . . . . .  (15) 
~=0 2 + A  . . . . . . .  

This is also the efficiency of the corresponding recuperator for if A is the uniform temperature 
difference between the two fluids then the heat transmitted through the metal wall in a time 
Z will be 

Q = o~nLZ A (16) - -  . , , , . . , , . , • ° p . . 

and one fluid is heated through a temperature range of (1 -- A) so that also 

Q = VZcp (1 -- A) . . . . . . . . . . . . . .  (17) 

eliminating A from equation (16) and (17) gives 

A 
Q - 2 + A VZcp 

as before Q;d ----- VZ%.  

Q A . . . .  (18) Therefore Vreo -- Q~a - 2  + A . . . . . . . . . . .  

This means that  the efficiency of a regenerator with very frequent reversals closely approaches 
that  of a recuperator. Equation (15) is also very useful when checking the accuracy of calculations 
of V~og for very short blow times as it forms an easily calculated boundary within which all results 
must lie. 

6. Results of Calculations of Regenerator Efficiency.--In section 4 it was mentioned that  a 
number of sets of simultaneous equations (8) were solved using the Mallock machine with up to 
8 unknowns. The efficiencies ~r~g were calculated from the solutions using equation (14). The 
examples chosen and the results obtained are given in  Table 8. Inspection of these results showed 
that  although the machine had calculated the correct solutions to the equations, the resulting 
efficiency was not correct. This is shown clearly in Fig. 5 where the difference between the 
corresponding value of ~roc and the calculated ~Trog is plotted against blow time H. From e q u a -  
tions (15) and (18) it can be seen that  the lines of constant A should all approach zero as H 
approaches zero ; the directions which the curves should take are indicated by the dotted lines. 
The error introduced by the heat pole method is seen to vary with the blow time, the 16ngth 
or number of hea t  poles taken and the width of the heat poles, the error increasing rapidly as 
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/7 approaches zero. Taking as the required standard accuracy an error of --1 per cent in ~r;g 
it is then possible to fix limits within which the heat pole method is sufficiently accurate. This 
limit is marked on Table 8. A more detailed examination of the errors gives the following 
recommended limitations for the heat pole method. 

Heat pole 
width 

1 

2 

3 

4 

5 

Minimum 
value of H 

1.5 

3'5 

5 

" 6  

8 

The increase of error with length is in most cases small and there is some evidence to show that  
it may reach a maximum and then decrease with increasing length or number of steps. With 
the possible exception o f /7  = 1.5 for width 1 any number of steps from 5 to at least 20 should 
be satisfactory. For H = 1.5 width 1, tile error appears to be increasing rapidly for more than 5 
steps, it is 1 per cent for 5 and nearly 1½ per cent for 6 but it may not go above 2 per cent and 
may decrease again above 10 steps and in any case the true answer for such a short blow time 
must be within 1 per cent of ~roc for all lengths likely to be used. 

A few additional solutions by the heat pole method have been worked out by direct solution 
of the simultaneous equations. These are all for 5 steps and for heat poles of width 1 to 5. The 
values of ~rog calculated from these results are shown on Table 9. 

By combining all the reliable results from the Mallock machine'and those of Table 9 along with 
a few read as accurately as possible from Hausen's results, the curves shown on Fig. 5 have been 
obtained and from these tile curves of Figs. 7, 8 have been constructed and give the recommended 
values of ~,og for a wide range of values of A and H. The results are also given in Table 10. 

A P P E N D I X  II 
Efficiency of Unbalanced Regenerators 

When a regenerator is applied to a gaa-turbine some account must be taken of the large 
difference in density between the charge air and the exhaust gas. This difference may be up to 
5/1 or even more depending on the operating temperatures and tile compression ratio. As the 
mass flo ~v of the charge air and exhaust gas are approximately equal it follows that  if the regenera- 
tor matrix is divided equally between the two fluids the pressure drop on the gas side will be higher 
than that on the charge side in approximately the inverse ratio of the densities. It is desirable 
from the point of view of efficiency of the turbine cycle to have the pressure drops at least equal 
or preferably lower on the gas side than on the air side. This can only be done with a rotating 
matrix by dividing the circle of rotation unequally between the gas and air so that  a given portion 
of the matrix is heated by the gas for a longer time than it is cooled by the air. In non-dimensional 
terms this means that, assuming the heat transfer coefficient and mass flows are equal on both 
sides, then the ratio A/17 must be equal on both sides and that  the ratio of the reduced lengths 
is the same as that  of tile reduced times. 
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By choosing heat poles of suitable Widths the solutions' for unbalanced regenerators can be. 
found. The width of heat pole on eachside must be chosen so that  there are the same number of 
sections on each side. For example, if the air side has a length A. = 5 and the matrix is to be 
divided in the ratio of 1/5, then 5 heat poles of width 1 are taken for the air side and the length 
on the gas side Ag = 25 is divided into 5 heat poles of width 5. Equation (7) of Appendix I 
then becomes 

= 1 

~ 5  ---- 1 - -  f g l  

tga = 1 - -  f ~ a  (1) 

t,, = 1 - f , ,  

t,5 = "1 - / ,~ 

where f ,~, f ,2,  • • • f,5 are the mean temperatures in the matrix sections at the beginning of the 
cold blow and t,~, t , , , . . ,  t,~ are the corresponding temperatures at the end of the cold blow. 
Similarlyf~l, f e~ . . . . r e  and t~, re2,. . ,  t~ are the temperatures at the beginning and end of the 
hot blow. Equation (8) then becomes 

+ 1 , o =  1 

A y..f.~ q- A y.~A. + fg4 = 1 

d,,..fo, + + + d . .  = 1 

Au.,f.~ + A , . J . a  q- A,,.,f.a 4- A , . I I . ,  q - f , 2  = 1 

A,,.~f.~ q- A,._,A ~ q- dy.af.a q- A y . z f . , +  dy . l f .5  -4-fd~ --- 1 
(2) 

z,,.d.l . +J.= i 

Jyg2fgl J7 ZJyglfg2 + ;4 = I 

Ayg3fgl + zJyg2fg2 + Jyglfg. + fa3 = I 

Aygsf.. -k AygaJ. + A,,g2fg, + A,,g.fg. -k fa. = 1 

Ay~sf~l q- Ay~4fg2 + Ay=af~= + dyg2fg4 + A~,glf~5 + A~ = 1 

These simultaneous equations can then be solved to get values of f~ and fg. 
Call be calculated as before, equation (14) of Appendix I becomes 

. . . . . .  ~reg ~ Z/Z' N [  L~-- ~(1--/g) J 

From these ~/rog 

. . . .  (a) 

A number of values of ~reg have been calculated by this method for unbalanced regenerators 
divided into five sections and with ratios of air/gas of 1/2, 1/3, 1/4 and 1/5. The number of 
examples for which accurate answers can be obtained by this method with only 5 sections is 
rather limited but sufficient results have been obtained to determine the magnitude of error 
involved by using the arithmetic mean efficiency given by the two sides of the regenerator 
independently. Table 11 shows the results obtained and the difference between the calculated 
values of efficiency and tile mean values. The mean values are calculated from the curves on 
Figs. 6, 7. It  is probable that  some of the difference between calculated and mean values may be 
due to the heat pole method and not to the out-of-balance of tile regenerator. From Table 9 
it was possible to deduce the errors introduced by the heat-pole method for regenerators divided 
into 5 sections over the range of lengths and times used for the unbalanced regenerators, these 
errors were then subtracted from the efficiencies given for each side in Table 11 ' and new mean 
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efficiencies obtained. The difference between the ,calcuiated efficiencies and these new efficiencles 
should then be a measure of the error introduced by taking the mean efficiency instead of the 
calculated value. I t  was found tha t  the error was fairly constant for a given ratio of unbalance 
over a wide range of blow times and for two different lengths but  tha t  i t  increased with the ratio 
6f ~nbalance, ...... For the present purpose it is sufficiently accurate to take the mean of all the 
values for each ratio of unbalance. This gives the following mean errors : - -  

A~ 
Ratio 

W2 

1/3 

114 

1/5 

Error 
( * l m o ~  - -  ~') 

0.004 

0-008 

0.013 

0.014 

From Figs. 7, 8, the mean efficiencies of a wide range of unbalanced regenerators have been 
found and these have been corrected using the above correction factors. The results were given 
ori Figs. 9 to 16-wNch shoW-the effect of length a n d  t im~on- the- efficiencies of unbalanced 
regenerators with ratios of AdAeof 1/2~ 1/3, !/4, 1/5. The values calculated by  the heat pole 
method are also shown without any correction factors. The  resu l t sg iven  b y  the curves are 
thought to be accurate to within less than 1 per cent. The efficiency of a regenerator with any 
ratio of unbalance up to 5 can be calculated from the mean efficiency obtained from the curves 
on Figs. 7, 8 and t h e  correction factor which is plotted on Fig. 17. 

In Ref. 3, Hausen states tha t  the efficiency of a n  unbaianced regenerator is given approxi- 
mately by the efficiency of a balanced regenerator of a length and blow time equal to the mean 
values on the two sides. The efficiencies given by this method are given on Table 11 for com- 
parison with the values obtained by the  other methods. They are from 0.015 to 0.083 higher 
than those given by the heat pole method and therefore it is concluded that  the first method 
of taking the mean of the efficiencies of the two sides is preferable as it gives values much closer 
to the calculated ones. 
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TABLE 1 
Matrix Temperatures during Initial Cooling 

0 
0.5 
1.0 
1.5 
2.0 
2-5 
3-0 
3-5 
4.0 
5.0 
6.0 
7.0 
8.0 
9.0 

10.0 

0 

1.0 
0-6065 
0.3679 
0.2231 
0"1353 
0.0821 
0'0498 
0'0302 
0"0183 
0.0067 
0.0025 
0.0009 
0.0003 
0.0001 
0 

0-5 

1.0 
O- 7328 
O. 5301 
O. 3793 
O. 2690 
O. 1893 
O. 1323 
0.0919 
O. 0635 

1.0 

1.0 
0.8192 
0-6542 
0-5120 
0.3943 
0.2995 
0.2250 
0.1673 
0.1234 
0.0658 
0.0341 
0.0173 
0.0087 
0,0043 

0.0021 

1.5 

1.0 
O. 8781 
O. 7478 
0.6215 
O. 5064 
0.4059 
O. 3209 
0.2506 
O. 1936 

2.0 

1.0 
0-9181 
0-8174 
0-7097 
0.6035 
0"5041 
0.4147 
0.3366 
0.2700 
0.1689 
0.1019 
0.0597 
0.0342 
0.0192 
0.0107 

2.5 

1-0 
O. 9451 
O. 8687 
O. 7796 
O. 6854 
O. 5918 
O. 5029 
0.4215 
O. 3489 

3.0 

1.0 
0.9633 
0:9061 
0.8341 
0.7530 
0.6680 
0.5833 
0.5022 
0.4269 
0.2987 
0.2007 
0.1304 
0.0824 
0.0508 
0.0307 

3.5 

1.0 
O- 9755 
O. 9333 
O. 8761 
O. 8079 
O. 7329 
O. 6548 
O. 5769 
O. 5018 

4 " 0  " 

1.0 
0.9837 
0.9528 
0.9081 
0.8519 
0.7872 
0.7169 
0.6443 
0.5717 
0.4358 
0.3184 
0.2247 
0 " 1 5 3 7  
0.1024 
0"0666 

4"5 5"0 5"5 6"0 6"5 7"0 7 '5  8"0 9"0 

0 
0.5 
1.0 
1.5 
2.0 
2.5 
3 . 0  
3"5 
4"0 
5"0 
6"0 
7"0 
8 '0  
9"0 

10"0 

1.0 
O. 9892 
O. 9667 
O. 9323 
O. 8868 
0.8319 
O. 7702 
O. 7039 
O. 6356 

1.0 
O. 9928 
O. 9767 
O. 9504 
O. 9140 
O. 8683 
0.8150 
O. 7558 
O. 6930 
O. 5648 
0.4417 
O, 3333 
O. 2437 
O' 1732 
O" 1199 

1.0 
0.9953 
0.9837 
0.9638 
0.9351 
0.8976 
0.8522 
0.8004 
0.7436 

1.0 
O. 9969 
O. 9886 
O. 9737 
O. 9513 
O. 9208 
O. 8828 
O. 8380 
O. 7876 
O. 6766 
O. 5591 
O. 4462 
O- 3451 
O. 2592 
O. 1897 

1.0 
O. 9979 
0.9921 
0.9810 
O. 9636 
O. 9392 
O. 9077 
O. 8695 
O. 8254 

1.0 
0.9986 
0.9944 
0.9861 
0.9730 
0.9536 

0 .9278  
0"8956 
0 . 8 5 7 5  
0.7672 
0"6630 
0.5546 
0.4498 
0'3546 
0.2722 

1.0 
0 .9991 
O. 9962 
O. 9902 
O. 9800 
O. 9647 
O. 9438 
O- 9170 
O. 8845 

1.0 

0.9975 

0.9855 

0.9569 

0.9075 
0-8372 
0-7499 
0.6522 
0.5510 
0.4582 
0"3626 

1.0 

0.9988 

0.9922 

0.9746 

0.9410 
0-8890 
0-8194 
0.7357 
0.6433 
0.5480 
0.4553 

0 
0.5 
1.0 
1.5 
2-0 
2.5 
3-0 
3.5 
4.0 
5.0 
6.0 
7.0 
8.0 
9-0 

10.0 

10.0 

1.0 

0.9994 

0"9959 

0-9853 

0"9632 
0"9261 
0"8726 
0"8041 
0"7236 
0"6358 
0"5455 

11 "0 

1.0 

0.9997 

0-9979 

0.9919 

0"9774 
0"9517 
0"9121 
0"8580 
0"7907 
0"7131 
0"6293 

12.0 13.0 

1.0 1.0 

0.9999 0.9999 

0.9989 0,9994 

0.9953 0.9974 

0.9864 0.9919 
0.9691 0.9805 
0.9406 0.9605 
0-8993 0.9299 
0.8449 0.8874 
0.7790 0.8331 
0,7041 0.7686 

!14.0 

1.0 

1.0 

0.9997 

0.9986 

0"9953 
0.9879 
0.9473 
0"9521 
0.9197 
0.8764 
0.8224 

15.0 

1"0 

1"0 

0.9999 

0"9992 

0.9973 
0.9926 
0.9834 
0.9678 
0.9437 
0,9100 
0.8662 

16'0 

1"0 

1.0 

0.9999 

0.9996 

0"9984 
0"9955 
0.9895 
0.9876 
0.9612 
0.9356 
0.9009 

17.0 18.0 19.0 20.0 

1 "0 1"0 1 "0 1 "0 

1.0 

1.0 

0.9998 

0"9991 
0.9973 
0"9934 
0.9861 
0.9736 
0.9546 
0.9277 

1.0 

1.0 

0.9999 

0.9995 
0.9984 
0.9959 
0"9910 
0-9823 
0.9685 
0.9481 

1.0 

1.0 

0.9999 

0-9997 
0-9991 
0.9975 
0.9943 
0.9883 
0.9784 
0-9633 

1.0 

1.0 

1.0 

0.9998 
0.9995 
0.9985 
0.9964 
0.9924 
0.9854 
0.9743 
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TABLE 2 
Gas Temperature during Initial Cooling 

0 

0 
0 
0 
0 
0 

1.0 

0.6321 
0.3469 
0.1905 
0.0935 
0.0468 

2.0 3.0 

O" 8647 O" 9502 
O' 6057 O. 7748 
O. 3966 O" 5851 
0.2467 0.4164 
O. 1477 O- 2827 

4.0 

0.9817 
0.8764 
0.7297 
0.5727 
0.4279 

6 
7 
8 
9 

10 

11 
12 
13 
14 
15 

16 
17 
18 
19 
20 

21 
22 
23 
24 
25 

26 
27 
28 
29 
30 

31 
32 
33 
34 
35 

36 
37 
38 
39 
40 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

0.0231 

0,0112 
0.0054 
0.0026 
0"0013 
0.0006 

0.0003 
0.0001 

0 
0 
0 

0 
\ 

0 
0 
0 
0 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

0.0857 

0.0484 
0.0268 
0.0145 
0.0078 
0.0041 

0.0022 
0.0013 
0.0006 
0.0002 

0 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

0.1847 

0.1167 
0.0717 
0.0429 
0.0252 
0.0146 

0.0084 
0.0048 
0.0027 
0.0014 
0.0007 

0.0003 
0 

. 0  
0 
0 

0 
0 
0 
0 
0 

0.3066 

0.2119 
0.1419 
0.0927 
0.0589 
0.0361 

0.0221 
0.0134 
0.0081 
0.0047 
0.0027 

0.0016 
0.0007 
0.0002 

0 
0 

0 
0 
0 
0 
0 

0 
0 
0 
0 

' 0  

5.0 

0.9933 
0.9342 
0.8311 
0.7014 
0.5645 
0.4356 

0.3238 
0.2330 
0.1629 
0.1108 
0.0733 

0.0477 
0.0304 
0.0190 
0.0117 
0.0072 

0.0042 
0.0024 
0.0013 
0.0006 
0.0002 

0.0003 
0.0001 

0 
0 
0 

6.0 

0.9975 
0.9658 
0.8979 
0.7992 
0.6815 
0.5584 

0.4413 
0.3371 
0.2500 
0.1804 

7.'0 

0.9991 
0.9825 
0.9401 
0.8693 
0.7750 
0.6664 

0.5537 
0.4453 
0.3478 
0.2642 

8.0 

0.9997 
0.9911 
0.9654 
0.9171 
0.8459 
0.7560 

0.6546 
0.5499 
0.4488 
0.3564 

0.1269 

0,0873 
0.0587 
0.0389 
0.0253 
0.0162 

0.0101 
0.0062 
0.0037 
0.0021 
0.0012 

0.0010 
0.0005 
0.0002 
0,0001 

0 

0 
0 
0 
0 
0 

0.1957 0.2760 

0.1415 0.2087 
0.1001 0.1544 
0.0693 0.1119 
0.0473 0.0796 
0,0317 0.0555 

0.0208 0.0380 
0.0134 0.0255 
0.0084 0.0168 
0.0052 0.0110 
0.0030 0.0069 

0.0023 0.0050 
0.0014 0.0032 
0.0008 0.0020 
0.0005 0.0013 
0.0002 0,0008 

0.0001 0.0005 
0 0.0003 
0 0.0001 
0 0 
0 0 

0 0 
0 0 
0 0 
0 0 
0 0 

0 0 
0 0 
0 0 
0 0 
0 0 
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TABLE 2- co ntinc~ed 

. . . .  ! - 9 - 0  ........ 1 0 - 0 - -  il--0 . . . .  112-0 -' 13:'0 . . . . . . .  ]'4-:0 . . . . . . .  15:(}--~ .... -i6--0- ..... 17.0 

0 
1 
2 
3 
4 
5 

6 
• " • 7  

8 
9 

10 

11 
12 
13 
14 
15 

16 
:' 17  

18 
19 
20 

21 
22 
23 
24 
25 

26 
27 
28 
29 
30 

31 
32 
33 
34 
35 

36 
37 
38 
39 
40 

0.9999 
0.9956 
0-9804 
0-9486 
0.8972 
0.8262 

0.7403 
0.6449 
0.5468 
0.4515 
0.3637 

0.2862 
0.2202 
0.1660 
0"1227 
0.0890 

0.0634 
0.0444 
0.0305 
0.0206 
0.0136 

0'0097 
0-0065 
0-0043 
0"0028 
0"0018 

0 .0012  
0.0008 
0.0005 
0-0003 
0-0001 

0 
0 
0 
0 
0 

1.0 1 .0  
O. 9978 O. 9989 
O. 9892 O. 9940 
O. 9688 O. 9815 
.0. 9329 O. 9572 
O- 8794 O. 9181 

O. 8097 O. 8638 
O. 7270 0 .7952 
O. 6368 O. 7158 
O. 5441 O. 6298 
O. 4539 O. 5418 

0.3699 O- 4557 
O. 2950 O- 3754 
O. 2304 O. 3029 
O. 1765 0'2398 
O. '1328 0" 1864 

O" 0981 O" 1423 
O" 0713 O" 1068 
O. 0509 O- 0789 
O- 0358 O. 0573 
O. 0246 O. 0408 

0"0173 O. 0290 
0"0119 0"0205 
O- 0081 O. 0143 
'0- 0055 O. 0099 
O. 0037 O. 0068 

O. 0025 O. 0047 
0"0017 0.0032 
O' 0011 O. 0022 
O. 0007 O. 0014 
O. 0004 O. 0009 

O. 0002 O. 0006 
O. 0001 O- 0003 

0 0.0001 
0 0 
0 0 

0 0 
0 0 
0 0 
0 0 
0 0 

1.0 
0.9995 
• 0.9967 
.0.9891 
O. 9732 
O. 9456 

0.9045 
0.8497 
0.7825 
0.7058 
0.6235 

0"5395 
0-4574 
0"3801 
0"3101 
0'2482 

0.1952 
0"i509 
0"1149 
0-0860 
0.0633 

0'0458 
0.0332 
0.0238 
0"0169 
0"0119 

0-0083 
0.0058 
0.0040 
0.0027 
0.0018 

0.0012 
0.0008 
0.0004 
0.0002 
0.0001 

0 
0 
0 
0 
0 

1.0 
O. 9998 
O. 9982 
O. 9937 
O. 9833 
0.9644 

0.9345 
0.8919 
0.8369 
0"7711 
0"6971 

0"6181 
0-5378 
0"4591 
0"3845 
0'3164 

0.2558 
0.2032 
0"!588 
0.1224 
0-0928 

0"0687 
0"0510 
0"0374 
0.0272 
0.0196 

0.0140 
0.0099 
0.0070 
0.0049 
0.0034 

0.0023 
0"0016 
0-0010 
0.0006 
0'0004 

0.0002 
0.0001 

0 
0 
0 

1.0 
O. 9999 
O. 9988 
O. 9962 
O. 9898 
O. 9771 

0.9557 
0.9239 
0.8805 
0.8259 
0.7614 

0-6897 
0-6139 
0"5365 
0"4604 
0.3882, 

0'3219 
0.2626 
0.2108 
0.1665 
0-1296 

0"0982 
0.0746 
0"0560 
0"0416 
0.0306 

0"0223 
0"0161 
0.0116 
0.0083 
0'0059 

0.0041 
0"0029 
0-0020 
0-0013 
0.0009 

0.0006 
0.0004 
0.0002 
0.0001 

0 

1.0 
0.9999 
O. 9993 
O. 9977 
0.9937 
O- 9853 

0.9704 
0.9470 
0.9135 
0.8696 
0.8155 

0-7525 
0.6831 
0.6097 
0.5351 
0.4617 

0.3920 
0.3275 
0.2693 
0-2179 
0.1737 

0.1347 
0"1047 
0.0804 
0.0610 
0"0458 

0"0341 
0"0251 
0-0184 
0"0134 
0'0097 

0.0069 
0.0049 
0.0035 
0-0024 
0"0017 

0"0012 
0"0008 
0.0005 
0"0003 
0.0001 

1.0 
1-0 
O. 9998 
O. 9990 
O. 9966 
0-9912 

0.9811 
0.9643 
0,9391 
0.9043 
0.8596 

0.8054 
0.7432 
0.6750 
0.6033 
0.5305 

0.4591 
0-3912 
0.3283 
0-2715 
0-2214 

0"1781 
0'1414 
0"1109 
0.0860 
0.0659 

0.0500 
0.0376 
0-0280 
0.0207 
0.0152 

0"0111 
0"0080 
0"0058 
0"0041 
0"0029 

0"0021 
0"0015 
0"0010 
0"0007 
0"0004 

1"0 
1"0 
O" 9999 
O" 9995 
O" 9981 
O" 9947 

0'9879 
0"9761 
0"9576 
0"9310 
0"8593 

0-8504 
0-7968 
0"7359 
0"6696 
0"6001 

0"5296 
0"4604 
0"3944 
0-3330 
0"2772 

0.2277 
0'1846 
0"1478 
0"1169 
0"0914 

0"0707 
0"0542 
0-0411 
0"0309 
0"0231 

0"0171 
0"0126 
0"0092 
0"0067 
0"0048 

0.0035 
0"0025 
0.0018 
0-0013 
0"0008 
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TABLE ~--continued 

6 
7 
8 
9 

10 

11 
12 
13 
14 
15 

16 
17 
18 
19 
20 

21 
22 
23 
24 
25. 

26 
27 
28 
29 
30 

31 
32 
33 
34 
35 

36 
37 
38 
39 
40 

18"0 

1.0 
1.0 
1.0 
O. 9998 
O. 9990 
O. 9969 

0,9924 
0.9843 
0.9709 
0.9510 
0.9232 

0.8868 
0.8418 
0-7889 
0.7293 
0.6647 

0.5972 
0.5288 
0.4616 
0.3973 
0.3373 

0.2825 
0-2336 
0-1907 
0-1538 
0-1226 

0.0967 
0.0755 
0.0583 
0.0446 
0.0339 

0.0255 
0.0191 
0-0142 
0.0104 
0.0076 

0.0056 
0.0041 
0.0030 
0.0022 
0.0015 

19"0 

1-0 
1.0 
1.0 
0.9999 
O- 9995 
O. 9982 

0.9953 
0.9898 

: 0.9804 
/ 0.9657 
i 0.9445 I 

0.9157 
0.8788 
0.8339 
0-7816 
.07232 

0.6602 
0.5945 
0.5281 
0.4627 
0.4000 

0"3413 
0"2875 
0-2391 
0-1965 
0"1596 

0.1282 
0.1019 
O-OSOl 
0.0624 
0.0482 

0.0369 
0.0280 
0.0211 
0"0158 
0"0117 

0"0087 
0.0064 
0.0047 
0.0035 
0-0025 

20 '0  

1.0 
1.0 
1.0 
1.0 
0.9998 
0.9990 

0.9972 
0.9935 
0.9869 
0.9763 
0.9604 

0.9381 
0-9085 
0-8712 
0.8264 
0.7748 

0,7175 
0.6560 
0.592t 
0.5274 
0.4637 

@4025 
0.3450 

21 '0 22.0 

1.0 i 1.0 
1.0 1-0 
1.0 1.0 
1-0 1.0 
0.9999 1.0 
O. 9995 O. 9998 

0.9994 0.9991 
O. 9960 O. 9976 
0.9915 0.9946 
O. 9839 O. 9893 
O. 9722 O. 9808 

0. 9552 0. 9680 
0- 9319 O. 9499 
0- 9016 0. 9258 
O. 8640 O- 8949 
0-8194 0-8572 

0.7685 0-8129 
O. 7123 O. 7626 
O. 6522 O. 7074 
O. 5898 O. 6486 
0:5268 0"5877 

O. 4647 O. 5262 
0.4049 0"4656 

0.2921 
0.2443 
0.2020 

• 0.1651 
0.1335 
0-1068 
0-0846 
0"0664 

0.0517 
0.0399 
0.0305 
0.0232 
0.0175 

0.0131 
0.0098 
0.0073 
0.0054 
0.0040 

0.3485 
0:2964 
0.2492 

0.2072 
0'1704 
0.1368 
0.1116 
0.0890 

0.0704 
0.0552 
0.0429 
0.0331 
0.0253 

0"0192 
0'0145 
0"0109 
0"0082 
0"0061 

0"4071 
0"3518 
0"3005 

0.2539 
0"2122 
0"1754 
0"1435 
0"1163 

0.0934 
0.0743 
0.0586 
0.0459 
0.0356 

0"0274 
0"0210 
0-0159 
0"0121 
0"0091 

23.0 24.0 

1.0 1.0 
1.0 1.0 
1.0 1.0 
1.0 1.0 
1.0 1.0 
0.9999 1.0 

0.9995 0.9998 
0.9986 0.9992 
0.9966 0.9979 
0.9930 0.9955 
0.9869 0.9912 

0.9775 0.9844 
0-9637 0.9741 
0.9448 0,9595 
0.9199 0.9397 
0.8886 0.9142 

0.8508 0.8825 
0-8067 0.8446 
0.7571 0.8009 
0.7029 0.7519 
0-6453 0,6986 

0.5858 0.6422 
0.5257 0:5839 
0.4664 0-5252 
0.4091 0-4672 
0.3548 0.4110 

0.3044 0.3577 
0.2583 0.3080 
0.2169 0.2625 
0.1802 0..2214 
0.1483 0.1849 

0.1209 0.1529 
0.0976 0.1253 
0.0781 0.1017 
0.0620 0.0819 
0.0488 0.0654 

0.0381 0.0518 
0.0296 0.0407 
0.0228 0.0318 
0-0175 0:0247 
0-0133 0.0190 

25.6 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

0.9999 
0-9996 
0.9988 
0.9972 
0.9942 

0.9893 
0.9817 
,0:9706 
0.9552 
0.9347 

0.9086 
0.8766 
0.8388 
0.7954 
0.7470 

0.6946 
0.6393 
0.5823 
0-5248 
0.4679 

0.4128 
0.3604 
0.3115 
0.2665 
0 . 2 2 5 7  

0.1893 
0.1573 
0.1295 
0.0157 
0"0856 

0"0687 
0 '0547 
0"0433 
0"0340 
.0"0265 

26.0 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

1.0 
O. 9998 
O. 9993 
O. 9983 
O. 9963 

0.9928 
0.9873 
0.9790 
0.9671 
0.9509 

0.9298 
0.9032 
0.8710 
0.8332 
0.7901 

0.7424 
0.6909 
0.6366 
0.5807 
0.5243 

0.4686 
0.4145 
0.3630 
0.3148 
0.2703 

0.2298 
0-1936 
0.1616 
0.1337 
0.1097 

0.0892 
0-0719 
0.0576 
0.0458 
0.0362 
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TABLE 2--continued 

27.0 30.0 31.0 32.0 33.0 34.0 

0 
1 
2 
3 
4 
5 

6 
7 
8 
9 

10 

11 
12 
13 
14 
15 

16 
17 
18 
19 
20 

21 
22 
23 
24 
25 

26 
27 
28 
29 
30 

31 
32 
33 
34 
35 

36 
37 
38 
39 
40 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

'1 "0 
O" 9999 
O" 9996 
O" 9990 
O" 9977 

0.9953 
0.9913 
0,9852 
0.9762 
0.9636 

0.9467 
0.9250 
0.8930 
0.8656 
0.8279 

0.7852 
0.7381 
0.6874 
0.6341 
0.5972 

0.5239 
0.4692 
0.4161 
0.3655 
0.3179 

0.2739 
0.2338 
0.1977 
0.1657 
0.1377 

0.1135 
0.0927 
0.0752 
0.0605 
0.0484 

28.0 29.0 

1.0 1.0 
1.0 1.0 
1.0 1.0 
1.0 1-0 
1.0 1.0 
1.0 1.0 

1.0 1 . 0  
1.0 1.0 
0.9998 0.9999 
0.9994 0.9997 
0.9986 0.9992 

0.9970 0.9981 
0:9942 0.9962 
0.9897 0.9930 
0.9830 0"9880 
0.9733 0.9807 

0"9600 0.9704 
0.9425 0"9565 
0"9203 0.9384 
0.8930 0.9157 
0.8605 0.8881 

0.8229 0.8555 
0.7805 0.8180 
0.7339 0.7760 
0.6840 0.7300 
0.6316 0.6808 

0.5778 0.6293 
0.5235 0.5764 
0.4698 0.5231 
0.4177 0.4704 
0.3678 0.4191 

0.3209 0.3700 
0.2774 0.3237 
0.2376 0.2807 
0.2017 0.2412 
0.1697 0.2055 

0.1416 0.1736 
0.1172 0.1454 
0.0962 0.1208 
0.0784 0.0996 
0.0634 0.0815 

1.0 
' 1 .0  
1-0 
1.0 
1.0 
1.0 

1.0 
1.0 
1.0 
O. 9999 
O. 9996 

0.9989 
0.9976 
0.9953 
0.9917 
0.9862 

0.9783 
0.9674 
0.9529 
0.9343 
0.9112 

0.8834 
0.8507 
0.8134 

0 .7717 
0.7263 

0.6778 
0.6271 
0.5751 
0.5228 
0.4710 

0.4205 
0.3721 
0.3264 
0.2838 
0.2447 

0.2092 
0"1773 
0.1491 
0"1244 
0"1030 

1.0 1.0 
1.0 1-0 
1.0 1-0 
1.0 1.0 
1.0 1.0 
1.0 1.0 

1.0 1.0 
1.0 1.0 
1.0 1.0 
1.0 1.0 
0.9998 0.9999 

0.9994 0.9997 
0.9985 0.9991 
0.9969 0.9980 
0.9943 0.9962 
0t9903 0.9933 

0.9843 0.9888 
0.9759 0.9824 
0.9644 0.9734 
0'9494 0.9614 
0'9303 0.9459 

0"9069 0.9264 
0.8788 0.9026 
0.8461 0.8744 
0.8089 0.8417 
0.7676 0.8047 

0.7227 0.7637 
0.6749 0.7193 
0.6250 0.6722 
0.5739 0.6231 
0.5225" 0.5728 

0 . 4 7 1 5  0.5222 
0.4218 0.4720 
0.3741 0.4231 
0.3290 0-3761 
0.2869 0.3315 

0.2481 0.2898 
0.2127 0.2513 
0.1809 0.2161 
0.1527 0.1844 
0.1279 0.1562 

1.0 
1-0 
1 .0  
1-0 
1.0 
1.0 

1.0 
1.0 
1.0 
1.0 
1.0 

0.9999 
0.9995 
0.9988 
0"9975 
0.9954 

0.9921 
0.9873 
0'9804 
0.9709 
0.9584 

0.9424 
0.9225 
0.8985 
0.8701 
0.8374 

0.8006 
0.7599 
0.7161 
0.6696 
0.6212 

0.5717 
0-5219 
0-4725 
0"4243 
0.3779 

0"3339 
0.2926 
0"2544 
0.2194 
0.1878 

3 5 . 0  

1.0 1-0 
1.0 1.0 
1.0 1.0 
1.0 1.0 
1.0 1.0 
1.0 1.0 

1.0 ] ' 0  
1.0 1.0 
1.0 1.0 
1.0 1-0 
1.0 1.0 

1.0 1.0 
0-9998 0"9999 
0"9993 0-9996 
0"9984 . 0'9990 
0.9969 ~ 0"9980 

0"9945 0"9963 
0"9909 0"9936 
0"9857 0"9897 
0"9783 0'9840 
0"9684 0"9762 

0"9554 0-9658 
0"9390 0-9524 
0"9188 0"9356 
0"8945 0"9151 
0"8660 0'8906 

0"8333 0"8620 
0.7966 0.8293 
0.7564 0.7929 
0.7130 0.7530 
0.6671 0'7101 

0.6194 0-6648 
0.5707 0.6178 
0.5216 0-5697 
0.4730 0.5214 
0.4255 0.4735 

0.3797 0.4266 
0.3362 0.3814 
0.2953 0.3384 
0.2574 0.2979 
0-2226 0.2603 
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TABLE 2--continued 

q 
36.0 39.0 44.0 

6 
7 
8 
9 

10 

11 
12 
13 
14 
15 

16 
17 
18 
19 
20 

21 
22 
23 
24 
25 

26 
27 
28 
29 
30 

31 
32 
33 
34 
35 

36 
37 
38 
39 
40 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

1.0 
1.0 
1.0 
1.0 
1.0 

1"0 
1.0 
O. 9998 
O. 9994 
O" 9987 

0.9.975 
0.9956 
0.9927 
0-9884 
0-9823 

0.9741 
0.9633 
0-9495 
0"9323 
0.9915 

0.8868 
0.8581 
0.8255 
0.7893 
0.7497 

0.7073 
0.6626 
0.6162 
0.5688 
0.5212 

0"4739 
0.4277 
0 .3831  
0"3405 
0.3004 

37.0 38.0 

1.0 1.0 
1.0 1.0 
1"0 1"0 
1"0 1"0 
1"0 1"0 
1.0 1.0 

1 '0  1"0 
1.0 1.0 
1"0 1"0 
1"0 1.0 
1"0 1 '0  

1.0 1.0 
1.0 1.0 
0.9999 1.0 
0.9997 0.9999 
0.9992 0.9996 

0.9984 0.9990 
0.9970 0.9980 
0.9949 0.9965 
0.9917 0.9941 
0.9870 0.9906 

0.9806 0.9856 
0.9720 0.9788 
0.9608 0.9698 
0.9466 0.9582 
0.9291 0-9437 

0.9080 0.9259 
0.8831 0.9045 
0.8543 0-8794 
0.8218 0.8506 
0.7858 0.8182 

0.7466 0.7824 
0.7046 0.7435 
0-6604 0.7020 
0.6146 0.6583 
0.5679 0.6131 

0.5209 0.5670 
0 . 4 ~ 3  0.5207 
0.4287 0 . 4 ~ 7  
0-3846 0 . 4 ~ 7  
0.3425 0.3861 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

1.0 
1.0 
1.0 
1.0 
1.0 

1.0 
1.0 
1.0 
1.0 
0"9998 

0:9994 
0.9987 
0.9976 
0.9959 
0.9933 

0.9895 
0.9842 
0.9770 
0-9676 
0.9557 

0.9408 
0-9227 
0.9011 
0.8759 
0.8471 

0.8148 
0.7792 
0.7406 
0.6995 
0.6563 

0.6117 
0.5662 
0.5205 
0.4751 
0.4306 

40.0 41.0 

1.0 1.0 
1.0 1.0 
1.0 1.0 
1.0 1.0 
1.0 1.0 
1.0 1.0 

1.0 1.0 
1.0 1.0 
1.0 1.0 
1.0 1.0 
1.0 1.0 

1.0 1.0 
1.0 1.0 
1.0 1.0 
1.0 1 "0 
0.9999 1.0 

0.9997 0.9999 
O. 9992 O. 9996 
O. 9984 O. 9980 
O. 9972 0.9981 
O. 9953 O. 9967 

O. 9924 O. 9946 
0.9883 0.9915 
O. 9827 O. 9871 
0.9752 0.9812 
O. 9655 O. 9734 

O. 9533 O. 9634 
O. 9380 O. 9507 
0.9196 0.9352 
0.8978 0.9165 
0: 8725 O. 8945 

0.8437 0.8691 
0.8115 0.8403 
0'  776I 0-8082 
0"7378 0-7730 
0"6971 0.7351 

0" 6544 0.6948 
0"6103 0.6526 
0.5654 0"6090 
0- 5203 0. 5647 
0. 4755 0" 5201 

42.0 43.0 

1.0 1.0 
1.0 1.0 
1-0 1.0 
1.0 1.0 
1.0 1.0 
1.0 1.0 

1 '0  1 '0  
1-0 1 '0  
1.0 1"0 
1"0 1"0 
1.0 1.0 

1.0 1.0 
1.0 1 . 0  
1:0 1.0 
1.0 1.0 
1"0 1"0 

1.0 1"0 
0.9998 0.9999 
0.9994 0.9997 
0.9988 0.9993 
0.9978 0.9986 

0.9962 0.9974 
0.9939 0"9957 
0.9905 0.9931 
0.9859 9"9895 
0"9797 0.9846 

0.9716 0.9781 
0-9612 0.9697 
0"9482 0"95~  
0.9324 0.9457 
0.9135 0.9296 

0.8913 0'9105 
0.8658 0.8882 
0.8370 0.8626 
0-8050 0-8338 
0.7700 0.9019 

0.7324 0.7672 
0-6925 0.7299 
0.6508 0.6904 
0.6078 0.6491 
0.5640 0.6066 

1.0 
1.0 
1.0 
1.0 
1.0 
1"0 

1"0 
1"0 
1"0 
1"0 
1 " 0  

1.0 
1.0 
1.0 
1.0 
1.0 

1.0 
1.0 
O. 9999 
O. 9996 
O. 9991 

0-9983 
0"9970 
0"9951 
0.9923. 
0.9885 

0'9833 
0.9765 
0"9677 
0'9567 
0"9432 

0"9269 
0"9076 
0.8851 
0.8595 
0"8307 

0-7989 
0"7644 
0.7274 
0-6883 
0.6475 
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TABLE 2--continued 

46.0 47.0 48 .0  49.0 [ 50.0 51.0 45.0 

0 1.0 
1 1.0 
2 1.0 
3 1.0 
4 1.0 
5 1.0 

6 1.0 
7 1.0 
8 1-0 
9 1.0 

10 1.0 

11 1.0 
12 1 . 0  
13 1.0 
14 1.0 
15 1.0 

16 1.0 
17 1.0 
18 1.0 
19 0.9998 
20 0.9995 

21 0.9989 
22 0-9979 
23 0.9965 
24 0.9944 
25 0.9915 

26 0.9874 
27 0.9819 
28 0.9748 
29 0.9658 
30 0.9545 

31 0"9407 
32 0-9242 
33 0-9047 
34 0.8821 
35 0-8564 

36 0.8277 
37 0.7961 
38 0.7618 
39 0.7251 
40 0.6863 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

1-0 
1.0 
1.0 
1.0 
1.0 

1.0 
1.0 
1.0 
1.0 
1.0 

1.0 
1.0 
1"0 
0. 9999 
0. 9997 

0.9993 
0.9986 
0.9976 
0.9960 
0.9938 

0.9906 
0.9863 
0,9806 
0.9732 
0-9638 

0.9523 
0.9383 
0.9215 
0.9018 
0.8791 

0.8534 
0-8248 
0.7933 
0.7592 
0.7228 

1.0 
1-0 
1.0 
1-0 
1.0 
1.0 

1.0 
1.0 
1.0 
1.0 
1.0 

1 '0  
1"0 
1"0 
1-0 
1"0 

1-0 
1.0 
1.0 
1.0 
O. 9999 

0.9996 
0.9991 
0.9984 
0.9972 
0.9955 

0,9931 
0.9897 
0 - 9 8 5 2  
0.9792 
0-9715 

0.9619 
0"9501 
0.9358 
0"9188 
0'8989 

0.8762 
0.8505 
0.8219 
0.7906 
0.7567 

1"0 1 
1-0 1 
1.0 1 
1-0 1 
1.0 1 
1.0 1 

1.0 1 
1.0 1 
1.0 1 
1.0 
1.0 

1.0 
1"0 
1.0 
1-0 
1.0 

1.0 
1 . 0  
1.0 
1.0 
1"0 

0.9998 
0.9995 
0.9989 
0.9981 
0.9968 

0.9949 
0.9923 
0.9888 
0.9840 
0.9778 

0.9699 
0.9600 
0.9479 
0.9334 
0.9162 

0.8962 
0.8734 
0.8477 
0.8192 
0.7879 

"(~ 
.0 
-0 
-0 
"0. 
.0 

.0 

.0 

.0 
1.0 
1.0 

1.0 
1.0 
1.0 
1.0 
1-0 

1.0 
1.0 
1.0 
1.0 
1.0 

0"9999 
0"9997 
0"9993 
0"9987 
0"9978 

0.9964 
0-9944 
0.9916 
0.9878 
0..9828 

0"9764 
0.9682 
0.9581 
0.9458 
0.9310 

0.9136 
0.8935 
0-8706 
0-8449 
0"8164 

1.0 
1-0 
1-0 
1-0 
1.0 
1.0 

1.0 
1.0 
1.0 
1.0 
1.0 

1.0 
1.0 
1.0 
1.0 
1-0 

1.0 
1.0 
1.0 
1.0 
1.0 

1"0' 
0.9999 
0.9996 
0-9992 
0.9985 

0.9975 
0-9959 
0.9938 
0-9908 
0.9868 

0.9816 
i 0.9749 

0.9665 
0.9562 
0.9436 

0"9286 
0"9111 
0-8909 
0-8679 
0,8422 

52'0 

1"0 1"0 
1"0 1"0 
1"0 1:0 
1-0 1"0 
1"0 1"0 
1"0 1"0 

1"0 1"0 
1"0 1"0 
1"0 1"0 
1"0 1"0 
1"0 1"0 

1"0 
1"0 
1-0 
1-0 
1"0 

1-0 
1"0 
1 '0  
1"0 
1"0 

1"0 
1"0 
0"9998 
0"9995 
0"9990 

0-9983 
0"9971 
0-9955 
0"9932 
0"9900 

0"9858 
0'9804 
0"9735 
0"9649 
0"9543 

0"9415 
0"9263 
0-9086 
0"8883 
0"8653 

1"0 
1"0 
1"0 
1~0 
1,0 

1" 0 
1"0 
1"0 
1.0 
1 '0  

1.0 
1"0 
O. 9999 
O" 9907 
O" 9993 

0.9988 
0-9979 
0-9967 
0-9949 
0.9925 

0.9892 
0.9848 
0.9792 
0.9721 
0.9632 

0.9524 
0-9394 
0.9240 
0.9062 
0.8858 

53"0 

1.0 
1.0 
1.0 
1,0 
1.0 
1.0 

1.0 
1.0 
1.0 

1 . 0  
1.0 

1"0. 
1.0 
1.0 
1-0 
1.0 

1.o 
1"0 
1"0 
1"0 
1"0 

1.0 
1.0 
1.0 
O. 9999 
O. 9996 

0-9992 
0;9986 
0-9977 
0.9963 
0.9944 

0"9918 
0"9883 
0.9838 
0.9779 
0.9706 

0.9615 
0.9505 
0.9373 
0.9218 
0.9038 
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T A B L E  2 continued. 

0 
1 
2 
3 
4 
5 

6 
7 
8 
9 

10 

11 
12 
13 
14 
15 

16 
17 
18 
19 
20 

21 
22 
23 
24 
25 

26 
27 
28 
29 
30 

31 
32 
33 
34 
35 

36 
37 
38 
39 
40 

54 '0  

1.0 

1.0 
1.0 
1.0 
1.0 
O. 9998 

0.9995 
0.9991 
0.9984 
0.9974 
0.9959 

0.9939 
0.9911 
0.9875 
0.9827 
0.9767 

0"9691 
0.9598 
0.9486 
0-9352 
0"9195 

55 '0  56 '0 57.0 58.0 59.0 60.0 61 "0 

1.0 

1.0 
1.0 
1.0 
1.0 
O. 9999 

0.9997 
0.9994 
0.9989 
0.9982 
0.9971 

0.9955 
0.9933 
0.9904 
0.9866 
0.9817 

0.9754 
0.9676 
0.9581 
0-9467 
0.9331 

1.0 

1.0 
1.0 
1.0 
1.0 
1.0 

0.9999 
0-9997 
0.9993 
0.9988 
0.9979 

0.9967 
0.9950 
0.9927 
0"9897 
0.9857 

0.9806 
0.9741 
0.9661 
0"9564 
0.9448 

1"0 

1 " 0 "  

1"0 
1"0 
1"0 
1"0 

1.0 
O. 9999 
O. 9996 
O" 9992 
O" 9986 

0.9977 
0.9964 
0.9946 
0.9922 
0.9889 

0.9848 
0.9795 
0.9728 
0.9646 
0.9547 

1.0 

1.0 
1-0 
1.0 
1.0 
1.0 

1.0 
1.0 
O. 9998 
O. 9995 
O" 9991 

0.9984 
0.9974 
0-9960 
0.9941 
0.9915 

0.9882 
0.9839 
0.9784 
0.9715 
0-9631 

1.0 

1.0 
1.0 
1.0 
1.0 
1.0 

1.0 
1.0 
O. 9999 
O. 9997 
O. 9994 

0.9989 
0.9982 
0.9971 
0.9956 
0.9936 

0.9909 
0;9874 
0.9829 
0.9772 
0.9702 

1.0 

1.0 
1.0 
1.0 
1-0 
1.0 

1.0 
1.0 
1.0 
O. 9999 
O. 9997 

0.9993 
0.9988 
0.9979 
0.9968 
0.9952 

0.9931 
0.9903 
0.9866 
0.9819 
0.9761 

1-0 

1.0 
1.0 
1.0 
1-0 
1.0 

1.0 
1.0 
1.0 
1.0 
O. 9999 

0.9996 
0.9992 
0.9986 
0.9977 
0.9965 

0.9948 
0.9926 
0.9896 
0.9858 
0.9809 

62"0 

1"0" 

1 . 0  4 

1"0 
1"0 
1"0 
1"0 

1.0 
1.0 
1 . 0  
1 . 0  
1.0 

0.9998 
0.9995 
0.9991 
0.9984 
0.9975 

0.9962 
0.9944 
0.9920 
0.9889 
0.9849 
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TABLE 2---continued 

63.0 66.0 67" 0 68" 0 69.0 70.0 

0 
1 
2 
3 
4 
5"  

6 
7 
8 
9 

10 

11 
12 
13 
14 
15 

16 
17 
18 
19 
20 

21 
22 
23 
24 
25 

26 
27 
28 
29 
30 

31 
32 
33 
34 
35 

36 
37 
38 
39 
40 

1.0 

1.0 
1.0 
1.0 
1.0 
1.0 

1.0 
1.0 
1.0 
1.0 
1.0 

0.9999 
0.9997 
0.9994 
0.9989 
0.9982 

0.9972 
0.9958 
0.9939 
0.9914 
0.9882 

64.0 65.0 

1.0 1.0 

1.0 1.0 
1.0 1.0 
1.0 1.0 
1.0 1.0 
1.0 1.0 

1.0 1.0 
1.0 1.0 
1.0 1.0 
1.0 1.0 
1.0 1.0 

1.0 1.0 
0.9999 1.0 
0.9996 0.9998 
0.9993 0.9996 
0.9988 0.9992 

0.9980 0.9986 
0.9969 0.9978 
0.9954 0.9966 
0.9934 0.9950 
0.9908 0 . 9 ~ 9  

1.0 

1.0 
1.0 
1.0 
1.0 
1.0 

1.0 
1.0 
1.0 
1.0 
1.0 

1"0 
1"0 
O" 9999 
O" 9998 
O" 9995 

0'9991 
0.9985 
0"9976 
0.9963 
0.9946 

1.0 

1.0 
1.0 
1.0 
1.0 
1.0 

1.0 
1.0 
1.0 
1.0 
1.0 

1"0 
1"0 
1.0 
O. 9999 
O" 9997 

0'9994 
0.9989 
0"9983 
0"9973 
0.9959 

1.0 

1.0 
1.0 
1.0 
1.0 
1.0 

1.0 
1.0 
1.0 
1.0 
1.0 

1.0 
1.0 
1.0 
1.0 
0.9999 

0.9997 
0.9993 
0.9988 
0.9981 
0.9970 

1.0 

1.0 
1.0 
1.0 
1 '0  
1.0 

1.0 
1.0 
1.0 
1.0 
1.0 

1.0 
1.0 
1.0 
1.0 
1.0 

0.9999 
0.9996 
0.9992 
0.9987 
0.9979 

71 "0 

1 "0 1 "0 

1 "0 1 "0 
1 "0 1 "0 
1 "0 1 "0 
1 "0 1 "0 
1 "0 1 "0 

1 "0 1 "0 
1 "0 1 "0 
1 "0 1 "0 
1 "0 1 "0 
1 "0 1 "0 

1 "0 1"0 
1 "0 1"0 
1 "0 1 "0 
1 "0 1 "0 
1 "0 1"0 

1 "0 1 "0 
O. 9998 O. 9999 
O. 9995 O. 9997 
0.9991 0.9994 
0.9985 0.9989 
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TABLE 2.--continued 

6 
7 
8 
9 

10 

11 
12 
13 
14 
15 

16 
17 
18 
19 
20 

21 
22 
23 
24 
25 

26 
27 
28 
29 
30 

31 
32 
33 
34 
35 

36 
37 
38 
39 
40 

72.0 

1.0 

1.0 
1.0 
1.0 
1.0 
1-0 

1.0 
1-0 
1.0 
1.0 
1.0 

1.0 
1.0 
1.0 
1.0 
1.0 

1-0 
1.0 
0.9999 
0.9997 
0.9993 

73"0 74"0 75"0 76" 0 77" 0 78"0 

1.0 1.0 1"0 1 '0  1.0 1.0 

79"0 

1.0 

1.0 
1.0 
1.0 
1.0 
1.0 

1.0 
1.0 
1.0 
1.0 
1.0 

1.0 
1.0 
1.0 
1.0 
1.0 

1.0 
1.0 
1.0 
0.9999 
0.9996 

1.0 
1.0 
1.0 
1.0 
1.0 

1.0 
1.0 
1.0 
1.0 
1.0 

1.0 
1.0 
1.0 
1.0 
1.0 

1.0 
1.0 
1.0 
1.0 
O. 9998 

1.0 
1.0 
1.0 
1 . 0  
1.0 

1.0 
1.0 
1.0 
1.0 
1.0 

1.0 
1.0 
1.0 
1.0 
1.0 

1.0 
1.0 
1.0 
1.0 
0.9999 

1"0 
1"0 
1"0 
1"0 
1 '0  

i.o 
1"0 
1"0 
1"0 
1"0 

1.0 
1.0 
1.0 
1.0 
1.0 

1.0 
1.0 
1.0 
1.0 
1.0 

1.0 
1.0 
1.0 
1.0 
1.0 

1.0 
1.0 
1.0 
1.0 
1"0 

1.0 
1.0 
1.0 
1.0 
1.0 

1.0 
1.0 
1.0 
1.0 
1.0 

1-0 1.0  
1 "0 1.0  
1 "0 1.0 
1 "0 1-0 
1 .0  1.0 

1 "0 1 "0 
1.0 1 "0 
1 "0 1 "0 
1.0  1 .0  
1 .0  1 .0  

1 .0  1-0 
1.0 1.0 
1.0 1 .0  
1.0 1.0 
1.0 1.0 

1.0 1 .0  
1.0 1 .0  
1 .0  1 .0  
1 .0  1 .0  
1.0 1.0 

80"0 

1.0 

1.0 
1.0 
1.0 
1.0 
1.0 

1.0 
1.0 
1.0 
1.0 
1.0 

1.0 
1.0 
1.0 
1.0 
1.0 

1.0 
1.0 
1.0 
1.0 
1.0 

3t 



T A B L E  2=-continued 

16'0 17"0 18"0 19.0 20.0 21 "0 22.0 23 '0  24.0 
. . . . . . . . . . . . . . . . . . . .  I . . . . . . . . . . . . .  I . . . . . . . . . . . . . .  [ . . . . . . . . . . . .  I . . . . . . . . . . .  I . . . . . . . . . . . . . . .  I . . . . . . . . . . .  

40 
41 
42 
43 
44 
45 

46 
47 
48 
49 
50 

51 
52 
53 
54 
55 

56 
57 
58 
59 
60 

61 
62 
63 
64 
65 

66 
67 
68 
69 
70 

71 
72 
73 
74 
75 

76 
77 
78 
79 
80 

0.0004 
0.0002 
0.0001 

0 
0 
0 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

0.0008 
0.0005 
0.0003 
0.0001 

0 
0 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

0.0015 
0.0010 
0.0007 
0.0004 
0.0002 
0.0001 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

0.0025 
0.0018 
0.0013 
0.0008 
0.0005 
0.0003 

0-0001 
0 
0 
0 
0 

0..0040 
0.0029 
0.0021 
0.0015 
0.0010 
0.0007 

0.0004 
0-0002 
0-0001 

0 
0 

0.0061 
0.0045 
0.0033 
0.0024.  
0.0017 
0.0012 

0.0008 
0-0005 
0.0003 
0-0001 

0 

0.0091 
0.0068 
0.0051 
0.0038 
0.0028 
0.0020 

0"0014 
0"0009 
0"0006 
0"0003 
0"0001 

0"0133 
0"0101 
0"0076 
0"0057 
0"0043 
0'0032 

0"0023 
0"0016 
0"0011 
0"0007 
0"0004 

0"0002 
0"0001 

0 
0 
0 

0 
0 
0 
0 
0 

0.0190 
0.0146 
0.0111 
0.0084 
0.0064 
0.0048 

0.0036 
0.0026 
0.0019 
0.0013 
0.0009 

0.0006 
0.0004 
0.0002 
0.0001 

0 

0 
0 
0 
0 
0 
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T A B L E  2--continued 

25-0 26"0 27"0 28.0 29"0 30"0 31"0 32-0 33-0 

40 
41 
42 
43 
44 
45 

46 
47 
48 
49 
50 

51 
52 
53 
54 
55 

56 
57 
58 
59 
60 

61 
62 
63 
64 
65 

6 6  
67 
68 
69 
70 

71 
72 
73 
74 
75 

76 
77 
78 
79 
80 

0.0265 
0.0206 
0.0159 
0.0122 
0.0093 
0.0071 

0-0054 
0.0040 
0.0029 

0.0021 
0.0015 

0.0011 
0-0008 
0-0005 
0.0003 
0.0001 

0 
O 
0 
0 
0 

0 
0 

0 
0 
0 

0.0362 
0.0284 
0.0221 
0-1072 
0-0132 

0.0484 
0-0384 
0.0303 
0.0238 
0.0185 

0.0634 
0.0509 
0.0406 
0.0322 
0.0254 

0.0815 
0.0662 
0.0534 
0.0428 
0.0341 

0.1030 
0.0846 
0.0690 
0.0559 
0.0450 

0-1279 
0.1063 
0"0877 
0.0718 
0.0584 

0.0102 

0.0078 
0.0059 
0.0044 
0.0033 
0.0024 

0-0018 
0-0013 
0.0009 
0.0006 
0.0003 

0-0001 
0 
0 
0 
0 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

0.0144 

0 .0111 
0-0085 
0.0065 
0.0049 
0.0037 

0.0028 
0.0021 
0.0015 
0.0011 
0.0007 

0-0004 
0.0002 
0.0001 

0 
0 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

0.0199 

0.0155 
0-0120 
0.0093 
0.0071 
0.0054 

0.0041 
0.0031 
0-0023 
0-0017 
0-0012 

0.0008 
0.0005 
0.0003 
0.0001 

0 

0 " 

0 
0 
0 

0 

0 
0 
0 
0 
0 

0.0270 

0-0213 
0.0167 
0.0130 
0.0100 
0.0077 

0.0059 
0-0045 
0.0034 
0.0026 
0.0019 

0.0014 
0-0009 
0-0006 
0.0004 
0.0002 

0.0001 
0 
0 
0 
0 

0 
0 
0 
0 
0 

0.0360 

0.0287 
0.0227 
0.0179 
0.0140 
0.0109 

0.0084 
0.0065 
0.0050 
0.0038 
0-0029 

0.0022 
0.0016 
0.0011 
0"0007 
0.0005 

0-0003 
0-0001 

0 
0 
0 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

O" 0472 

0-0380 
0:0304 
0.0242 
0.0191 
0.0150 

0'0117 
0"0091 
0-0071 
0-0055 
0"0042 

0.0032 
0.0024 
0"0018 
0-0013 
0.0009 

0.0006 
0.0003 
0.0002 
0.0001 

0 

O, 
0 
0 
0 
0 

0.1562 
0.1313 
0.1095 
0.0907 
0.0746 
0.0609 

0.0495 
0.0400 
0.0321 
0.0256 
0.0203 

0-0160 
0.0126 
0.0099 
0.0077 
0.0060 

0.0046 
0-0035 
0.0027 
0.0020 
0.0015 

0.0011 
0"0007 
0.0005 
0-0003 
0-0001 

0 
0 
0 
0 
0 

0.1878 
0.1596 
0.1346 
0.1127 
0.0937 
0.0773 

0.0634 
0.0517 
0.0419' 
0.0338, 
0.0271 

0.0216 
0.0171 
0.0135 
0.0106, 
0.0083 

0-0065. 
0.0050 
0.0039 
0.0029 
0.0022 

0-0017 
0.0012 
0-0009 
0.0006. 
0.0003. 

0.0001 
0 
0 
0 
0 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
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T A B L E  2--continued 

40 
41 
42 
43 
44 
45 

46 
47 
48 
49 
50 

51 
52 
53 
54 
55 

56 
57 
58 
59 
60 

61 
62 
63 
64 
65 

66 
67 
68 
69 
70 

71 
72 
73 
74 
75 

76 
77 
78 
79 
80 

34.0 

0-2226 
0-1911 
0.1629 
0.1378 
0.1158 
0.0966 

0.0800 
0.0659 
0.0539 
0.0439 
0.0355 

0.0286 
0-0229 
0.1082 
0.0144 
0.0114 

0.0089 
0.0069 
0.0054 
0-0042 
0-0032 

0-0025 
0"0014 
0-0012 
0-0009 
0-0006 

0-0003 
0-0001 

0 
0 
0 

35.0 

0.2603 
0.2257 
0.1943 
0.1661 
0.1410 
0.1188 

0-0994 
0-0827 
0-0683 
0-0561 
0.0458 

0.0372 
0.0301 
0-0242 
0.0193 
0.0154 

0 .0122 ,  
0.0096 
0.0075 
0-0059 
0.0046 

0-0036 
0.0025 
0.0019 
0.0014 
0.0010 

0.0007 
0.0004 
0.0002 

0 
0 

36.0 

0-3004 
0.2631 
0-2287 
0-1974 
0-1692 
0.1440 

0.1217 
0.1022 
0"0853 
0.0707 
0.0583 

0;0478 
0.0389 
0.0316 
0.0255 
0.0205 

0.0164 
0.0130 
0.0103 
0.0081 
0.0064 

0.0050 
0.0038 
0.0029 
0.0022 
0.0016 

0"0012 
0"0008 
0-0005 
0.0002 
0"0001 

37- 0 

0.3425 
0.3028 
0.2658 
0.2316 
0.2004 
0.1722 

0"1469 
0.1246 
0.1049 
0'0878 
0.0731 

0"0605 
0.0497 
0.0407 
0.0331 
0.0268 

0.0216 
0.0173 
0.0138 
0"0109 
0.0087 

0.0069 
0.0054 
0.0042 
0.0032 
0.0024 

0.0018 
0.0013 
0"0009 
0.0005 
0.0003 

0.0001 
0 
0 
0 
0 

38.0 

0.3861 
0.3445 
0.3052 
0.2684 
0.2344 
0-2033 

0"1751 
0"1499 
0.1274 
0.1076 
0.0904 

0-0755 
0-0626 
0.0517 
0-0424 
0-0346 

0.0281 
0.0227 
0.0183 
0.0146 
0-0117 

0-0093 
0.0074 
0.0058 
0-0045 
0-0035 

0-0027 
0"0020 
0"0015 
0"0010 
0"0007 

0-0004 
0.0002 
0.0001 

0 
0 

39- 0 

0.4306 
0.3876 
0-3464 
0.3074 
0.2709 
0.2371 

0-2061 
0.1780 
0.1527 
0-1302 
0.i103 

0-0929 
0.0778 
0"0648 
0.0536 
0"0441 

0.0361 
0.0294 
0.0239 
0-0193 
0-0155 

0.0124 
0-0099 
0-0079 
0-0062 
0.0049 

0-0038 
0-0029 
0-0022 
0.0016 
0.0012 

0.0008 
0.0005 
0.0003 
0-0001 

0 

40.0 

0.4755 
0-4316 
0.3890 
0-3482 
0.3096 
0.2734 

0.2398 
0.2089 
0.1808 
0-1555 
0.1329 

0"1129 
0.0954 
0"0801 
0.0669 
0.0555 

0.0458 
0.0376 
0.0308 
0.0251 
0.0203 

0.0164 
0.0132 
0-0106 
0.0084 
2"0067 

0.0053 
0.0041 
0.0032 
0-0024 
0-0018 

0"0013 
0-0009 
0"0006 
0"0003 
0"0001 

41 "0 

0.5201 
0.4759 
0.4325 
0-3904 
0.3500 
0.3117 

0"2758 
0.2424 
0.2116 
0'1836 
0.1583 

0.1356 
0.1155 
0.0978 
0.0824 
0.0689 

0.0574 
0"0475 
0.0392 
0"0322 
0"0263 

0.0214 
0"0173 
0.0139 
3.0112 
0"0089 

0.0071 
0.0056 
0.0044 
0.0034 
0-0026 

0.0019 
0-0014 
O-O010 
0.0006 
0.0003 

0.0001 
0 
0 
0 
0 

42.0 

0.5640 
0.5200 
0"4763 
0"4333 
0"3917 
0"3517 

0"3138 
0.2781 
0-2449 
0'2143 
0"1863 

0"1610 
0"1383 
0-1181 
0-1003 
0"0846 

0"0710 
0"0593 
0.0493 
0"0408 
0.0336 

0.0275 
0.0224 
0.0182 
0.0147 
0"0118 

0.0095 
0.0076 
0"0060 
0.0047 
0.0037 

0-0028 
0"0021 
0.0016 
0-0011 
0.0007 

0-0004 
0-0002 
0.0001 

0 
0 
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TABLE 2--continued 

~7 
43.0 44.0 45.0 46-0 47.0 48.0 49.0 50.0 51.0 

40 
41 
42 
43 
44 
45 

46 
47 
48 
49 
50 

51 
52 

• 53 
54 
55 

56 
57 
58 
59 
60 

61 
52 
63 
64 
65 

66 
67 
68 
69 
70 

71 
72 
73 
74 
75 

76 
77 
78 
79 
80 

0.6066 
0.5633 
0.5198 
0.4766 
0.4342 
0.3929 

0.3534 
0.3158 
0.2804 
0.2474 
0.2169 

.0.1889 
0.1636 
0.1409 
0.1206 
0.1026 

0.0868 
0.0731 
0.0612 
0.0510 
0-0423 

0.0349 
0.0287 
0.0235 
0.0191 
0.0155 

0-0125 
0-0100 
0"0080 
0"0064 
0"0051 

0.0039 
0.0030 
0.0023 
0.0017 
0.0012 

0-0008 
0-0005 
0-0003 
0-0001 

0 

0.6475 
0.6054 
0.5626 
0.5196 
0.4769 
0.4349 

0-3942 
0.3550 
0.3177 
0.2826 
0.2498 

0.2194 
0.1915 
0.1662 
0.1434 
0.1230 

0.1049 
0.0890 
0.0751 

0.6863 
0.6459 
0.6043 
0-5619 
0-5194 
0.4772 

0.4357 
0.3954 
0.3566 
0.3196 
0.2847 

0-2521 
0.2218 
0.1940 
0.1687 
0.1459 

0.1254 
0.1072 
0.0912 

0.7228 
0.6844 
0.6444 
0.6032 
0.5613 
0.5193 

0.4775 
0.4365 
0.3966 
0-3581 
0.3214 

0.2868 
0.2543 
0.2242 
0.1965 
0.1712 

0-1483 
0.1278 
0.1095 

0.0631 
0.0527 

0.0438 
0.0363 
0.0299 
0-0245 
0-0200 

0.0163 
0.0132 
0.0106 
0.0085 
0.0068 

0.0054 
0-0042 
0-0033 
0.0025 
0.0019 

0.0014 
0.0009 
0.0006 
0.0003 
0.0001 

0.0772 0.0933 
0.0649 0.0791 

0.0544 0-0668 
0-0454 0-0561 
0-0377 0.0469 
0 . 0 3 t l  0.0390 
0.0256 0.0323 

0.0209 0.0266 
0.0171 0.0219 
0.0139 0-0179 
0.0112 0-0146 
0-0090 0.0118 

0-0072 0.0095 
0.0057 0.0076 
0.0045 0.0061 
0.0035 0.0048 
0.0027 0.0038 

0.0021 0.0029 
0.0015 0.0022 
0.0010 0.0018 
0.0007 0-0013 
0.0004 0-0008 

0.7567 
0.7206 
0.6825 
0.6429 
0:6021 
0"5607 

0.5191 
0.4778 
0-4372 
0.3977 
0.3596 

0.3232 
0.2888 
0.2565 
0.2265 
0-1989 

0.1736 
0.1507 
0.1302 
0.1118 

0.7879 
0.7543 
0.7184 

0 .6807  
0.6414 
0.6011 

0.5601 
0.5189 
0.4781 
0.4379 
0.3988 

0.3610 
0.3249 
0.2907 
0-2586 
0.2288 

0.2012 
0.1759 
0.1532 
0.1325 

0.8164 
:0-7854 
0.7519 
0.7163 
0.6789 
0.6400 

0.6000 
0-5595 
0.5188 
0.4784 
0.4386 

0.3998 
0.3624 
0.3266 
0.2926 
0"2607 

0.2309 
0-2034, 
0"1783 
0"1554 

0-0955 0"1140 

0-0812 0"0976 
0.0687 0.0832 
0.0578 0.0705 
0.0484 0-0595 
0.0404 0.0499 

0.0335 0.0417 
0.0277 0.0347 
0.0228 0.0288 
0.0187 0.0238 
0.0t53 0.0196 

0.0124 0.0160 
0"0100 0-0130 
0"0081 0"0106 
0.0065 0"0086 
0"0052 0"0069 

0.0041 0"0055 
0-0032 0.0044 
0-0025 0"0035 
0.0019 0.0027 
0.0014 0"0021 

0"1347 

0"1162 
0-0997 
0"0851 
0"0723 
0"0611 

0"0514 
0"0431 
0"0359 
0"0299 
0-0248 

0-0204 
0"0167 
0"0137 
0"0112 
0"0091 

0"0073 
0"0059 
0"0047 
0"0037 
0.0029 

0.8422 
0.8138 
0-7829 
0.7496 
0.7143 
0.6772 

0.6386 
0.5991 
0-5589 
0-5187 
0-4787 

0.4393 
0.4009 
0.3638 
0.3282 
0.2945 

0"2627 
0"2331 
0'2057 
0"1806 
0"1577 

0.1369 
0"1183 
0-1017 
0.0870 
0.0741 

0-0628 
0"0529 
0.0444 
0.0372 
0.0310 

0.0257 
0.0212 
0.0175 
0-0144 
0.0118 

0"0096 
0-0078 
0.0063 
0-0050 
0.0039 

0"8653 
0"8396 
0"8113 
0"7805 
0.7474 
0-7123. 

0"6755 
0"6373 
0.5981 
0"5584 
0"5186 

0"4789' 
0"4399 
0"4019 
0-3651 
0"3298, 

0'2963 
0"2647 
0-2355 
0"2079 

0.1828. 

0.1599 
0"1391 
0-1204 
0-1037 
0.0889 

0"0759' 
0.0644 
0.0544 
0"0458. 
0.0384 

0"0321 
0"0267 
0"0221 
0"0183 
0-0151 

0.0123 
0.0101 
0"0082 
0"0066 
0.0053 
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TABLE 2--continued 

40 
41 
42 
43 
44 
45 

46 
47 
48 
49 
50 

51 
52 
53 
54 
55 

56 
57 
58 
59 
,60 

61 
62 
63 
64 
65 

66 
67 
68 
69 

.70 

71 
72 
73 
74 
75 

76 
77 
78 
79 
80 

52.0 

0'8858 
0.8627 
0"8370 
0"8088 
0"7781 
0"7452 

0"7104 
0"6738 
0"5359 
0"5972 
0"5579 

0"5184 
0.4792 
0"4406 
0"4029 
0.3664 

0"3314 
0.2981 
0"2667 
0"2373 
0'2101 

0"1850 
0"1621 
0"1413 
0-1225 
0-1057 

0"0908 
0-0776 
0-0660 
0"0559 
0-0472 

0.0397 
0.0332 
0-0277 
0-0230 
0-0191 

0-0157 
0"0129 
0"0106 
0"0086 
0"0069 

53"0 

0.9038 
0.8838 
0"8602 
0.8345 
0.8063 
0.7758 

0 . 7 4 3 t  
0.7085 
0-6722 
0.6347 
0.5963 

0.5574 
0"5183 
0.4795 
0.4412 

54"0 

0.9195 
0"9014 
0"8808 
0.8577 
0"8320 
0-8039 

0"7735 
0-7410 
0"7066 
0-6707 
0-6335 

0"5955 
0"5569 
0"5182 
0.4797 

55"0 

0.9331 
0.9173 
0"8991 
0.8784 
0.8852 
0-8296 

0-8016 
0-7713 
0"7389 
0"7048 
0"6992 

0'6324 
0"5947 
0"5565 
0"5181 

56"0 

0"9448 
0-9311 
0-9151 
0"8968 
0"8760 
0"8528 

0"8272 
0"7993 
0"7691 
0-7369 
0"7031 

0"6678 
0.6313 
0"5939 
0-5560 

57-0 

0.9547 
0 .9429 
0.9290 
0.9129 
0.8945 
0.8737 

0.8505 
0.8249 
0.7970 
0.7669 
0.7350 

0-7014 
0-6664 
0"6302 
0"5931 

58.0 

0"9631 
0"9530 
0"9410 
0.9269 
0.9107 

I 0.8922 

0"8714 
9"8482 
0-8226 
0-7948 
0.7649 

0"7332 
0-6998 
0.6650 
0.6291 

0-4038 0.4418 

0-3676 0.4047 
0-3328 0.3688 
0.2998 0.3343 
0.2686 0.3015 
0-2393 0.2704 

0.2122 0.2413 
0.1872 0.2142 
0.1643 0.1893 
0"1434 0"1664 
0.1246 0.1455 

0.1077 0.1266 
0.0927 0.1097 
0.0794 0.0946 
0.0677 0.0812 
0.0575 0-0694 

0"0486 0.0590 
0.0409 0.0500 
0.0343 0-0422 
0.0287 0.0355 
0.0239 0.0297 

0.0198 0.0248 
0"0164 0.0206 
0-0135 0.0171 
0-0110 0"0141 
0.0089 0-0115 

0.4799 

0.4423 
0.4056 
0.3699 
0.3357 
0.3031 

0.2722 
0.2432 
0.2163 
0-1914 
0-1685 

0.1476 
0.1287 
0-1117 
0-0965 
0-0829 

0.0709 
0.0605 
0.0514 
0-0434 
0.0366 

0.0307 
0.0257 
0.0214 
0.0178 
0.0147 

0-5179 

0-4801 
0-4429 
0"4064 
0"3711 
0"3371 

0"3047 
0"2739 
0"2451 
0"2183 
0"1939 

0"1708 
0"1498 
0"1308 
0"1137 
0'0983 

0"0846 
0"0726 
0"0620 
0"0527 
0"0447 

0"0377 
0-0317 
0"0266 
0.0222 
0"0185 

0-5555 

0.5178 
0.4804 
0.4434 
0.4073 
0.3722 

0.3385 
0.3062 
0.2757 
0.2470 
0.2205 

0.1957 
9-1728 
0-1518 
0.1328 
0-1156 

0-1001 
0-0864 
0-0742 
0-0635 
0.0541 

0.0459 
0.0388 
0.0327 
0.0275 
0-0230 

0"5023 

0"5551 
0"5178 
0"4806 
0"4439 
0"4081 

0"3733 
0"3398 
0"3078 
0.2774 
0-2489 

0-2223 
0-1976 
0"1747 
0"1538 
0"1347 

0"1174 
0"1019 
0"0881 
0"0758 
0"0649 

0"0554 
0-0471 
0"0399 
0.0337 
0"0284 

59-0 60.0 

0.9702 0.9761 
0.9616 9.9689 
0.9513 0.9601 
0.9391 0.9496 
0.9249 0.9373 
0-9086 0.9229 

0-8900 0.9065 
0.869t 0.8878 
0-8458 8.8668 
0.8203 0.8436 
0.7926 0"8181 

0"7629 0"7905 
0"7314 0"7609 
0'6982 0 " 7 2 9 6  
0-6637 0-6967 
0"6280 0"6624 

0-5916 0"6270 
0"5547 0-5909 
0"5177 0"5543 
0-4808 0"5176 
0"4444 0"4810 

0-4089 0"4449 
0-3744 0.4097 
0-3411 0"3754 
0"3093 0"3424 
0"2791 0'3108 

0"2507 0"2808 
0"2242 0"2525 
0"1995 0"2260 
0"1767 0"2014 
0"1557 0"1786 

0"1366 0"1576 
0-1193 0-1385 
0-1037 0"1211 
0"0898 0"1055 
0-0774 0"0915 

0"0664 0"0789 
0"0568 0"0679 
0"0484 0-0582 
0-0411 0-0497 
0"0348 0"0423 
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TABLE 2--continued 

~7 
• 0 62- 0 6 3 . 0  6 4 . 0  6 5 . 0  6 6 . 0  67- 0 6 8 . 0  6 9 . 0  7 0 . 0  

40 
41 
42 
43 
44 
45 

46 
47 
48 
49 
50 

51 
52 
53 
54 
55 

56 
57 
58 
59 
60 

61 
62 
63 
64 

6 5  

66 
67 
68 
69 
70 

71 
72 
73 
74 
75 

76 
77 
78 
79 
80 

.9809 
0 .9749 

9675 
9586 

0.9479 
0.9354 

.9209 
"9044 
"8856 
"8646 
.8414 

.8159 

.7884 

.7590 

.7279 

.6952 

.6611 

.6260 

.5902 
"5539 
"5175 

0.4812 
-4455 
.4105 

0-3765 
0.3437 

3123 
2824 
2542  
2278 
2032 

1804 
.1595 
1403 

.1229 

.1072 

"0931 
.0805 
.0694 
-0596 
-0509 

0.9849 
0.9799 
0.0737 
0.9662 
0.9571 
0.9463 

0.9882 
0.9841 
0..9789 
0.9726 
0.9649 
0.9556 

0.9908 
0.9875 
0-9832 
0.9779 
0.9714 
0.0635 

0.9929 
0.9902 
0.9867 
0.9823 
0.9769 
0-9702 

0.9946 
0.9924 
0.9896 
0.9859 
0.9814 
0.9758 

0.9959 
0.9942 
0.9919 
0.9889 
0.9852 
0.9805 

0.9970 
0.9956 
0-9938 
0.9914 
0.9883 
0.9844 

0-9336 
0.9109 
0-9023 
0-8835 
0.8625 

0-8392 
0.8138 
0.7864 
0.7572 
0-7262 

0.6937 
0-6599 
0.6251 
0-5895 

0.9446 
0.9381 
0.9171 
0.9003 
0.8814 

0.8603 
0-8371 
0.8118 
0.7845 
0.7554 

0"7246 
0"6923 
0"6587 
0.6241 

0"9541 
0.9429 
0"9300 
0"9152 
0.8983 

0"8793 
0.8582 
0.8350 
0.8098 
0.7826 

0.7536 
0.7229 
0.6908 
0.6575 

0.9622 
0.9526 
0.9413 
0.9283 
0.9133 

0.8963 
0"8773 
0"8562 
0.8330 
0"8078 

0.7807 
0.7518 
0.7213 
0.6894 

0.9690 
9-9608 
0-9511 
0-9397 
0-9265 

0-9114 
0-8944 
0-8753 
0-8542 
0.8310 

0.8059 
0.7789 
0-7501 
0-7198 

0.9748 
0.9678 
0.9595 
0.9496 
0.9381 

0.9248 
0.9096 
0.8925 
0.8734 
0.8522 

0.8291 
0.8040 
0.7771 
0.7485 

0.9796 
0.9737 
0.9666 
0.9581 
0.9481 

0.9365 
0.9231 
0.9078 
0-8906 
0.8714 

0.8503 
0.8272 
0.8022 
0.7754 

0-5535 

0.5174 
0 . 4 8 1 5  

0.4460 
0-4113 
0.3775 

0.3449 . 
0.3137 
0.2839 
0.2559 
0.2296 

0.2050 
0.1823 
0.1613 
0.1421 
0-1247 

0-1089 
0-0947 
0-0821 
0-0709 
0.0609 

4 

0.5888 

0.5531 
0.5173 
0.4817 
0.4465 
0.4120 

0.3785 
0.3461 
0"3150 
0.2855 
0-2576 

0.2313 
0-2068 
0-1841 
0-1631 
0-1439 

0-1264 
0"1106 
0"0964 
0"0837 
0"0723 

0.6232 

0;5882 
0"5528 
0-5173 
0-4819 
0'4469 

0-4127 
0-3794 
0-3472 
0-3164 
0-2870 

0-2592 
0-2330 
0-2086 
0.1859 
0.1649 

0.1457 
0.1282 
0.1123 
0.0980 
0.0852 

0.6563 

0-6223 
0-5876 
0-5525 
0-5172 
0-4821 

0.4474 
0.4134 
0.3803 
0.3484 
0.3177 

0.2885 
0.2608 
0.2347 
0.2103 
0.1876 

0.1667 
0.1475 
0.1299 
0.1139 
0.0996 

0"6881 

0-6552 
0-6214 
0.5869 
0.5521 
0.5171 

0.4823 
0.4478 
0.4141 
0.3813 
0.3495 

0.3195 
0.2902 
0.2625 
0.2364 
0.2120 

0"1894 
0-1685 
0-1492 
0-1316 
0"1156 

0.7183 

0.6868 
0.6541 
0.6205 
0.5863 
0.5517 

0-5170 
0.4824 
0.4483 
0.4148 
0.3822 

0 .3509  
0-3206 
0.2916 
0.2640 
0-2380 

0.2137 
0"1911 
0"1702 
0"1509 
0.1333 

0.7468 

0.7168 
0.6855 
0.6530 
0.6197 
0.5857 

0.5514 
0.5169 
0.4826 
0.4487 
0-4155 

0.3832 
0-3519 
0-3218 
0.2929 
0-2655 

0"2396 
0"2154 
0.1928 
0"1719 
0.1526 

0"9979 
0-9968 
0"9953 
0-9933 
0"9908 
0-9876 

0.9836 
0-9787 
0-9727 
0"9654 
0"9568 

0"9467 
0-9349 
0.9214 
0-9060 
0"8887 

0-8695 
0.8484 
0-8253 
0.8004 
0.7736 

0-7452 
0-7154 
0-6842 
0-6519 
0-6188 

0-5851 
0-5510 
0-5168 
0-4828 
0.4492 

0.4162 
0.3841 
0.3529 
0-3229 
0.2942 

0.2669 
0.2412 
0"2170 
0"1944 
0.1735 

0"9985 
0.9977 
0.9965 
0.9949 
0.9929 
0.9903 

0"9869 
0.9828 
0"9778 
0.9716 
0.9642 

0.9555 
0-9452 
0-9333 
0-9197 
0-9042: 

0"8869 
0-8677 
0"8465 
0.8235 
0"7986. 

0"7719 
0"7437 
0"7139 
0"6829 
0"6509 

0"6180' 
0"5845 
0"5507 
0"5168 
0"4830, 

0"4496. 
0-4169 
0"3849 
0.3539 

0"3241 

O" 2955 
O" 2684 
O- 2427 
0.2186 
0.1961 
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T A B L E  2--continued 

71' 0 72.0 73.0 75.0 76.0 77.0 78.0 80- 0 

40 
41 
42 
43 
44 
45 

46 
47 
48 
49 
50 

51 
52 
53 ~ 
54 
55 

56 
57 
.58 
59 
60 

,61 
62 
63 
64 
65 

66 
67 
68 
69 
70 

71 
72 
73 • 
74 
75 

76 
77 
78 
79 
80 

0-9989 
0 .9983 
0.9974 
0.9962 
0.9946 
0.9925 

0-9897 
0.9863 
0.9821 
0.9769 
0.9706 

0.9631 
0.9542 
0-9438 
0-9318 
0.9180 

0.9025 
0.8851 
0.8658 
0-8447 
0.8217 

i 0.7968 
0.7703 

i 0.7421 
0.7120 
0"6815 

0.6498 
0.6172 
0.5839 
0.5454 
0.5142 

0.4819 
0.4494 
0.4172 
0.3856 
0.3548 

0.3252 
0.2968 
0.2698 
0.2442 
0.2202 

0.9993 
0.9988" 
0.9981 
0.9972 
0.9959 
0.9942 

0.9919 
0.9891 
0.9856 
0.9813 
0.9759 

0.9695 
0-9618 
0.9528 
0.9423 

0.9996 
0.9992 
0.9987 
0.9979 
0.9969 
0.9956 

0.9938 
0.9915 
0.9886 
0.9849 
0.9804 

0.9749 
0.9684 
0.9606 
0.9515 

74 .0  

0.9998 
0.9995 
0-9991 
0.9985 
0.9977 
0"9967 

0.9953 
0.9934 
0-9910 
0-9879 
0.9842 

0.9796 
0.9740 
0.9673 
0.9594 

0.9999 
0.9997 
0.9994 
O. 9989 
0.9983 
0.9975 

0.9964 
0-9949 
0.9929 
0.9904 
0.9873 

0.9835 
0.9788 
0.9731 
0.9663 

1.0 : 
• 0.9999 

0.9997 
0.9993 
0.9987 
0-9981 

0-9973 
0.9961 
0.9945 ~ 
0.9925 
0 . 9 8 9 9  

0.9867 
0-9828 
0.9779 
0.9721 

1.0 
1.0 
O. 9999 
O. 9996 
O. 9992 
O- 9987 

0.9980 
0.9971 
0"9958 
0.9942 
0.9921 

0-9894 
0.9861 
0.9820 
0.9771 

0.9302 0.9409 

0-9164 0-9287 
0-9008 0.9148- 
0-8833 0-8991 
0.8640 0.8816 
0.8429 0.8623 

0.8199 0.8411 
0.7901 0.8156 
0.7661 0-7909 
0.7391 0-7650 
0-7103 0.7377 

0.6800 0.7089 
0.6486 0.6788 
0.6163 0.6476 
0.5809 0-6143 
0.5476 0.5809 

0.5148 0.5479 
0.4821 .0.5150 
0.4497 0.4823 
0.4177 0.4500 
0.3863 0.4182 

0.3558 0.3870 
0.3263 0.3567 
0.2981 0-3274 
0.2712 0-2993 
0.2457 0.2725 

0.9502 

0.9395 
0.9272 
0.9132 
0.8974 
0.8798 

0-8605 
0-8381 
0.8145 
0.7898 
0.7638 

0.7364 
0-7076 
0.6776 
0.6459 
0.6134 

0.5807 
0.5479 
0.5151 
0.4826 
0.4504 

0-41'87 
0.3877 
0.3576 
0.3285 
0.3005 

0.9583 . 

0.9489 
0.9381 
0-9257 
0.9116 
0.8957 

0.8781 
0.8581 
0.8363 
0.8131 
0.7885 

0.7625 
0.7351 
0.7064 
0:6762 
0.6448 

0 .6t28 
0-5803 
0-5477 
0.5152 
0.4828 

0.4508 
0.4193 
0.3885 
0.3585 
0-3295 

0.9652 

0"9571 
0"9476 
0"9367 
0-9242 
0"9099 

0"8940 
0-8761 
0"8562 
0-8347 
0"8116 

0"7871 
0"7611 
0"7338 
0"7050 
0-6749 

0"6439 
0"6121 
0"5799 
0"5476 
0"5152 

0"4830 
0"4512 
0"4199 
0"3892 
0"3594 

0"9712 

0"9642 
0-9559 
0-9463 
0"9353 
0"9226 

0'9083 
0"8922 
0-8742 
0"8545 
0"8331 

0"8t01 
0"7856 
0"7597 
0"7324 
0"7037 

0"6738 
0"6429 
0"6114 
0"5795 
0"5474 

0"5152 
0.4832 
0"4516 
0"4204 
0.3899 

79.0 

1.0 1.0 
1.0 1.0 
1-0 1.0 
0.9998 0.9999 
0.9995 0.9997 
0.9991.  0.9994 

0.9986 0.9990 
0.9978 0.9984 
0.9968 0-9976 
0.9955 0.9966 
0-9938 0.9952 

0.9916 0 .9934  
0.9889 0.9912 
0.9855 0.9884 
0.9813 0.9849 
0.9763 0 . 9 8 0 6  

0.9703 0.9755- 
0.963i 0.9693 
0.9547 0.9620 
0.9450 0.9535 
0"9338 0.9437 

0.9211 0-9324 
0.9067 0.9t96 
0.8905 0.9051 
0.9725 0.8888 
0 . 8 5 2 8  0.8708 

0"8315 0"8512 
0"8086 0-8299 
0.7842 0.8071 
0.7583 0.7827 
0"7310 0"7568 

0.7024 0.7296 
0.6727 0.7012 
0"6421 0"6717 
0"6108 0.6413 
0"5791 0.6102 

0.5472 0.5787 
0-5152 0.5469 
0.4834 0.5152 
0.4519 0.4836 
0.4209 0.4523 

1.0 
1.0 
1.0 
1.0 
O. 9999 
O. 9997 

0.9994 
0"9989 
0.9983 
0.9975. 
0.9964- 

0.9949 
0-9931 
0-9908 
0.9878 
0.9842 

0"9799 
0"9746 
0"9683 
0-9609 
0.9523 

0.9424 
0.9310 
0.9181 
0.9035 
0.8872 

0-8692 
0-8496 
0.8284 
0.8056 
0.7812 

0,7554 
0.7823 
0"7000 
0 .6707  
0.6405 

0"6096 
0.5783 
0.5468 
0.5152 
0.4838 
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T A B L E  3 
F l a t  P o l e  F u n c t i o n s .  W i d t h  1 

I 

~1 A ,~t A ,~2 A ,~a A ~4 A ,~5 A ~6 A ,,7 A ~8 A ~9 A ~io A ,m A ,~1~ A ~1.~ 

5-3746 
0.3178 
0.2674 
0.1898 
0.1342 
0.0942 
0.0659 
0.0460 
0-0320 
0.0154 
0-0073 
0.0050 
0.0034 
0.0016 
0.0007 

1 
3.2434 
3-2427 
0.2365 
0.2148 
0.1867 
0"1569 
0-1287 
0"1037 
0-0822 
0-0496 
0-O288 
0.0218 
0.0163 
0"0090 
0.0051 

~i 1586 
1711 
1791 
1853 
1807 
1697 
1542 
1366 

 :1182 
0841 
0567 
0457 
0366 
0228 

0-0140 

0.0976 
0.1108 
0"1231 
0.1413 
0-1516 
0"1549 
0.1521 
0-1454 
0"1350 
0"1095 
0"0831 
0.0710 
0.0599 
0.0415 
0.0277 

0.0572 
0.0680 
0-0794 
0-0993 
0-1155 
0-1269 
0.1336 
0.1358 
0.1340 
0.1216 
0.1023 
0.0917 
0.0813 
0.0614 
0.0444 

0.0318 
0.0399 
0"0488 
0.0661 
0.0822 
0-0967 
0-1080 
0-1161 
0"1208 
0-1211 
0"1116 
0.1045 
0.0963 
0'0788 
0"0617 

0"0175 
0.0226 
0"0288 
0"0420 
0.0558 
0.0693 
0.0820 
0.0927 
0-1014 
0-1111 
0-1113 
0-1082 
0.1037 
0.0913 
0'0761 

0-0039 
0.0127 
0-0165 
0.0260 
0.0365 
0.0478 
0.0594 
0.0702 
0.0801 
0.0955 
0.1034 
0-1044 
0-1034 
0-0973 
0-0872 

0.0050 
0-0070 
0-0096 
0-0153 
0.0231 
0-0330 
0.0415 
0.0508 
0.0607 
0.0782 
0.0907 
0.0946 
0-0972 
0-0971 
0.0919 

0.0025 
0.0035 
0-0050 
0-0089 
0-0142 
0.0182 
0-0275 
0.0356 
0.0441 
0.0612 
0.0759 
0.0819 
0.0865 
0.0919 
0-0918 

0.0013 
0"0019 
0"0029 
0.0051 
0-0083 
0"0136 

0 . 0 1 8 0  
0.0242 

!0-0311 
0.0461 
0 .0611 
0"0679 
0"0737 
0-0828 
0.0875 

0"0006 
0-0009 
0.0014 
0.0029 
0"0048 
0"0077 
0.0114 
0.0160 
0.0213 
0-0338 
0-0475 
0.0542 
0"0606 
0.0716 
0.0793 

0.0003 
0.0005 
0.0008 
0.0015 
0.0028 
0.0047 
0.0071 
0.0103 
0.0142 
0.0240 
0-0357 
0-0419 
0.0483 
0'0600 
0.0697 

, I 
A y15 A ,,zG A ,~17 A ,~18 A ~19 A ~2o A ,~.~1 A ,~22 A ,~za A ~4 A ~5 ~7 Ay14 

1.5 0.0002 
1.75 0.0003 
2.0 0.0004 
:2.5 0.0009 
3-0  0.0016 
.3.5 0.0028 
4-0 0.0044 
4 -5  0.0065 
5 -0  0.0092 
6.0 0.0166 
7.0 0.0262 
7 . 5  0.0316 
8 . 0  0-0371 
9.0 0.0486 

10-0 0.0591 

0-0001 
0-0002 
0.0002 
0.0005 
0.0009 
0.0016 
0-0026 
0.0041 
0.0060 
0.0114 
0.0188 
0-0232 
0-0280 
0.0383 
0.0487 

0 
0.0001 
0.0001 
0.0002 
0.0005 
0.0010 
0.0015 
0.0025 
0.0037 
0.0075 
0.0132 
0.0166 
0-0206 
0.0294 
0-0393 

? 
3OOl 
3002 
3003 
3005 
3009 
3o15 

 :3o23 
°o49 

 :oo9o 
o118 

 :o419 
0222 

0.0305 

0 
0 

0.0002 
0.0002 
0.0005 
0.0010 
0-0015 
0.0032 
0.0061 
0.0081 
0.0104 
0-0163 
0.0235 

) 
0.0002 
0.0003 
0.0005 
0-0009 
0.0020 
0.0041 
0.0055 
0.0073 
0-0118 
0.0177 

0.0001 
0.0002 
0.0003 
0.0005 
0-0013 
0.0027 
0.0037 
0.0050 
0-0085 
0.0130 

0 
0-0001 
0.0002 
0.0004 
0.0008 
0.0016 
0.0023 
0.0034 
0-0058 
0.0093 

0-0001 
0.0001 
0-0002 
0.0006 
0.0011 
0-0016 
0.0022 
0.0036 
0.0063 

0 
0.0001 
0.0001 
0-0004 
0.0008 
0.0011 
0.0015 
0.0025 
0.0043 

0 
0 

0.0002 
0.0005 
0-0007 
0.0009 
0.0017 
0-0028 

0.0001 
0.0003 
0-0004 
0-0006 
0.0013 
0.0021 

1-5 
1.75 
:2.0 
'2.5 
3.0 
3-5 
4-0 
4 -5  
5-0  
,6-0 
7 .0  
7 .5  
8-0 
9.0 

10.0 

z~ y26 

0.0002 
0.0003 
0.0004 
0.0009 
0.0015 

ZJ Y27 

0.0001 
0.0002 
0.0003 
0.0007 
0.0011 

A y28 

0 
0-0001 
0-0002 
0.0005 
0.0009 

A y29 

0.00005 
0.0001 
0.0004 
0.00075 

y30 

0 
0 

0.0003 
0.0006 

y31 

I 

0.0001 
0.00048 

y32 

O" 
iO" 

A ~aa 

0 0 0 1  0 
00035 i 0.00025 

A~34 

0" 0002 

A~a5 A~3G 

0" 0001 
i 

O. 0001 

A~37 

0 
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T A B L E  4 

Heat Pole Functions. Width 2 

r/ A ~1 A ~2 A ,~ A,~ A ,~s A,s A ~r A ~s d ~9 
i 

1.5 
1.75 
2.0 
2 .5  
3 .0  
3-5 
4 .0  
4.5 
5 .0  
6.0 
7 .0  
7.5 
8 .0  
9-0 

10.0 

0.4963 
0.4392 
0.3857 
0.2972 
0.2276 
0.1727 
0.1303 
0.0978 
0.0731 
0.0402 
0.0217 
0.0159 
0.0116 
0.0061 
0.0032 

0.3291 
0.3478 
0.3589 
0"3634 
0.3498 
0.3256 
0.2946 
0.2612 
0.2268 
0.1637 
0.1127 
0-0921 
0.0747 
0.0481 
0.0281 

0.1219 
0.1434 
0.1653 
0.2030 
0.2324 
0.2526 
0.2636 
0.2666 
0-2620 
0.2369 
0-1996 
0.1795 
0.1594 
0.1215 
0.0891 

0"0381 
0-0489 
0"0615 
0.0880 
0.1152 
0.1416 
0.1657 
0.1858 
0.2069 
0.2194 
0.2188 
0.2126 
0-2035 
0-1794 
0.1506 

0.0109 
0 .0150 
0.0203 
0.0327 
0.0484 
0-0660 
0.0850 
0.1037 
0.1178 
0.1565 
0-1804 
0.1878 
0.1922 
0.1917 
0.1814 

0'0028 
0.0041 
0.0061 
0.0109 
0-0178 
0.0266 
0.0734 
0.0050 
0-0612 
0-0936 
0.1227 
0.1359 
0.1472 
0.1645 
0.1731 

0.0007 
0.0011 
0.0016 
0.0034 
0.0060 
0.0099 
0.0150 
0.0215 
0.0320 
0.0492 
0.0726 
0-0848 
0.0972 
0-1201 
0.1388 

0..0002 
0.0004 
0.0005 
0.0010 
0.0020 
0.0034 
0.0056 
0.0086 
0.0124 
0.0234 
0.0385 
0.0473 
0.0568 
0.0773 
0.1029 

0.0001 
0 

0.0001 
0.0003 
0.0006 
0.0011 
0.0019 
0.0032 
0-0050 
0.0103 
0-0187 
0.0241 
0-0304 
0.0451 
0.0570 

1.5 
1.75 
2.0 
2.5 
3.0 
3.5 
4 .0  
4.5 
5.0 
6-0 
7.0 
7-5 
8 .0  
9 .0  

10-0 

z~ yl0 

0.0001 
0.0001 
0.0004 
0.0006 
0.0011 
0.0019 
0.0042 
0.0085 
0.0115 
0.0150 
0-0241 
0-0359 

"/1 y l l  

0 
0.00005 
0.0001 
0.0003 
0.0004 
0.0007 
0.0017 
0-0035 
0.0049 
0.0070 
0-0119 
0.0190 

Z~ y12 

0-00001 
0 
0 

0.0002 
0-0002 
0.0007 
0.0016 
0.0023 
0.0031 
0.0051 
0.0088 

~yl3 

0 
0 

0.0002 
0.0006 
0.0008 
0.0012 
0.0027 
0.0043 

d yl~ 

0 
0.0002 
0.0004 
0.0006 
0.0013 
0.0023 

Z~ y15 

0 
0.0001 
0.0002 
0.0008 
0-0015 

y16 

0 
0.0003 
0.00095 

0-00005 
0.0005 

Z] yI8 

0 
O" 00025 

Z~yl 9 

0.00005 
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T A B L E  5, 

Heat Pole Functions. Width 3 

1.5 
1-75 
2.0 
2.5 
3.0 
3.5 
4"0 
4.5 
5"0 
6.0 
7.0 
7-5 
8"0 
9"0 

10.0 

r, 

dul 

0.5897 
0.5366 
0.4848 
0.3948 
0.3189 
0-2553 
0.2031 
0.1607 
0.1262 
0.0765 
0-0454 
0-0348 
0.0265 
0.0152 
0.0088 

z~ y2 

0,3332 
0,3644 
0,3905 
0'4246 
0.4387 
0'4372 
0.4228 
0.4002 
0.3708 
0.3035 
0"2359 
0.2047 
0.1760 
0.1269 
0"0889 

y3 

0.0658 
0:0827 
0.1020 
0.1416 
0.1181 
0.2190 
0.2520 
0.2791 
0.3003 
0.3221 
0.3190 
0.3095 
0-2963 
0.2615 
0.2208 

£1 y4 

0.0069 
0.0139' 
0.0193 
0.0254 
0.0489 
0"0677 
0.0908 
0.1144 
0-1375 
0.1872 
0.2274 
0.2451 
0.2551 
0.2682 
0.2669 

y5 

0.0012 
0-0020 
0.0029 
0.0125 
0.0102 
0.0168 
0.0245 
0-0346 
0.0485 
0.0768 
0.1114 
0.1275 
0.1474 
0.1805 
0.2073 

A Y6 ~ y7 

0.00016 0.00001 
0.00027 0.00003 
0.00044 0.00006 
0.0009 0 
0-0019 0.00025 
0.00335 0.00059 
0.0054 0.0011 
0.0087 0.0019 
0.0128 0.0032 
0:0249 0-0069 
0.0425 0.0135 
0.0532 0.0180 
0.0650 0-0237 
0.0913 0-0377 
0.1197 0.0553 

Ay8 

0 
0 
0 

0-00005 
0.00001 
0.0003 
0.00037 
0.0007 
0.0618 
0.0038 
0.0054 
0.0074 
0.0125 
0.0206 

A,~9 

0 
0 
0 

0.00003 
0.00007 
0.0003 
0-00098 
0.0014 
0.0020 
0.0041 
0.0068 

yl0 

0 
0 
0 

0.00012 
0-00038 
0.00057 
0.0016 
0.0028 

' ~  v i i  

0 
0 
0 

0.00047 
0-0014 

A ~12 

0-00003 
0.00058 

A v13 

0 
O. 00010 

A ~u 

T A B L E  6 

HeatPoleFunctions. Width 4 

i .5  
1.75 
2-0 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 
6.0 
7.0 
7.5 
8.0 
9.0 

10.0 

z~ yl 

0.6609 
0.6131 
0.5651 
0-4789 
0.4025 
0.3355 
0.2776 
0.2284 
0.1865 
0.1220 
0.0780 
0.0620 
0.0489 
0.0301 
0.0184 

A~2 

0.3055 
0.3417 
0.3755 
0.4287 
0.4649 
0.4682 
0-4938 
0.4901 
0.4789 
0.4285 
0.3654 
0.3318 
0.2985 
0.2353 
0.1676 

y3 

0.0313 
0.0416 

0-0541 
0.0822 
0.1149 
0"1501 
0.1865 
0.2216 
0-2518 
0.3130 
0.3512 
0.3620 
0.3676 
0.3636 
0-3532 

A,~ 

0.00217 
0-00336 
0.0049 
0.0093 
0.0159 
0-0249 
0.0365 
0.0508 
0.0688 
0.1077 
0.1519 
0"1765 
0.1992 
0.2411 
0.2768 

A~5 

0.00013 
0.00023 
0.00038 
0.00085 
0.00167 
0.00298 
0.0050 
0.0080 
0.0122 
0.0241 
0.0434 
0.0535 
0.0663 
0.0958 
0.1265 

A~6 

0 
0 

0.00002 
0.00005 
0.00013 
0.00032 
0.00057 
0-00103 
0.00167 
0.0042 
0.00855 
0.0117 
0.0160 
0.0265 
0.0413 

z~ y7 

0 
0 
0 
0 

0.00003 
0.00007 
0.00013 
0.0005 
0.00145 
0-0022 
0.0030 
0.0065 
0"0098 

A~8 

0 
0 
0 
0 

0-0001 
0.0003 
0.0005 
0-00108 
0-00318 

A~9 

0 
0 
0 

0.0000~ 
0.0011 

A~o 

3 
0. 3017 

Z l y l l  



TABLE 7 
Heat Pole Functions. Width 5 

1.5 
1.75 
2.0 
2.5 
3.0 
3.5 
4-0 
4-5 
5.0 
6.0 
7.0 
7"5 
8"0 
9.0 

10.0 

0.7150 
0.6725 
0-6292 
0"5492 
0.4757 
0"4089 
0"3489 
0.2962 
0.2495 
0.1737 
0.1181 
0.0966 
0.0786 
0.0514 
0.0331 

0.2703 
0.3070 
0.3429 
0.4045 
0-4518 
0.4914 
0.5169 
0.5311 
0.5351 
0.5173 
0.4742 
0.4465 
0.4164 
0.3523 
0.2888 

0.0142 
0.0197 
0.0267 
0.0437 
0.0676 
0.0913 
0.1208 
0.1522 
0.1855 
0.2528 
0.3136 

0.00045 
0.00079 
0.00117 
0.0025 
0.00468 
0.0079 
0.0125 
0.0189 
0.0272 
0.0498 
0.0807 

0.00001 
0 

0.00003 
0.0001 
0.00022 
0.00049 
0-00088 
0-00154 
0.00259 
0.0060 
0.0121 

0.00006 
0-00011 

• 0.0004 
0.00128 

.3394 

.3612 
0.0989 
0.1188 

0 
0 
0 
0 

0.0001 
0.0002 

0 .3922 
0.4048 

0"1615 
0-2057 

0"0165 0.0020 
0"0220 0.0028 
0.0359 0.00575 
0'0550 0-0096 

0.00093 
0.0025 

0 
0 

0.00002 
0-00047 

b~ 
TABLE 8 

Eyficie,ncy of a Balanced Regenerator 
Results obtained from solutions by Mallock machine 

' Non-Dim 
Time 

H 

1-0 
1"5 
2.0 
3,0 
4"0 
5-0 
6"0 
7"0 
7"5 
8.0 
9"0 

10-0 

.0 

g]reg 

I 
5 I 

~rec__g]reg 
- " - -  

0.690 0.024 
0"680 0"034 
0.662 0.052 
0"638 0"076 
0"609 0"105 

0 7 4 0  0574  

0"469 0"0245 

~r~g 

0"716 

6 
" l - -  

7]rec - -  '~]reg[ )~reg 

Non-dimensionallength A 

10 12 16 

0.7143 

. 

0. 
0- 
o: 
0. 
o: 
o: 
0. 

0.034 
728 0.022 
728 0.022 
723 0-027 
708 0.042 
689 0.061 
665 0.085 
639 0-111 
625 0.125 
618 0.132 
576 0.174 
542 0.208 

0.7500 

8 

~]rec-- 97reg 

0.774 0.026 

0.783 0.017 

0.773 0.027 

0.746 0.054 

0.-707 070093 

0~657 0~143 

0.8000 

~Treg ~]rec --- 7]reg 

0.752 

0-792 
0.807 

0.803 
0.795 
0.786 

0.769 
0.757 
0.739 

0.081 

0.041 
0.026 

- -6 .024-  
0.030 
0.038 
0.047 

0-064 
0.076 
0.094 

0.8333 

• l~]rec---~reg[ ~]reg )]rec-- 7]reg 9~reg I ' ] 

0"752 0"105 

0.810 0-047 

0" 832 0. 025 
O. 828 O. 029 
O. 821 O- 036 

0~813 0.044 
0" 798 0. O59 
0. 790 0" 067 

0.8571 

i 

0~867 O: 22 

0"873 O- 16 
o.871 I o- 18 
0.869 0. O20 

- o! 0.864 025 
0.859 030 
0" 851 0" 038 

0.8889 

~reg ~ree--?]re 

0.768 0.141 

0.870 0.039 

o N N ~  

0~890 0.019 

07882 07o27 
0-9091 

20 32 

" ~]rec -- ~reg ~rl ileg 7]reg 

.1 

0.878 0.063 

0.924 0.017 

0729 0.012 

0728 0.013 

0.9412 



T A B L E  9 

E~ciency of a Balanced Regenerator 
Results obtained from solution of five equations 

Heat pole 
width 

Non-dim. 
Length A 

5 

10 5 
10 

5 
6 
7 

15 8 
9 

10 

7 
20 9 

10 

8 
2 5  9 

10 

Non-dim. 
Time H 

1.5 
5 
7 
9 

Regenerator 
Efficiency 

?~reg 

0"6997 
0"6366 
0"5741 
0"5037 

0.7996 
0.7379 

0"8566 
0.8544 
0.8511 

I 0-8647 
0-8411 
0-8343 

0-8826 
0-8790 
0-8835 

0.8993 
0.899I 
0.8984 

Difference 
~rec  - -  T/reg 

0.0146 
0"0777 
0-1402 
0-2106 

0-0337 
0.0954 

0-0257 
0.0279 
0.0312 
0.0356 
0-0412 
0.0480 

0.0265 
0.0301 
0.0256' 

0.0266 
0.0268 
0.0275 

F 

Error 
from curves 

--0-0003 
+0"0006 
--0.0030 
+0.0037 

--0.0044 
+0.0019 

--0.0104 
--0.0076 
--0.0060 
:-0.0043 
--0.0029 
--0.0027 

--0-0104 
--0-0080 
+0-0050 

--0"0147 
--0"0119 
--0-0106 

T A B L E  1 0  

Recommended Values of Efficiency of Balanced Regenerators 

Non-dim. 
Length 

A 

5 
6 
7 
8 
9 

10 

11 
12 
13 
14 
15 

, 1 6  
17 
18 
19 
20 

22 
24 
26 
28 
30 

35 
4O 

Non-dimensional blow Time/7  

0 1 2 3 4 5 6 7 8 9 10 

0.705 
0-743 
0-773 
0-796 
0-815 
0.831 

0.844 
0.856 
0.866 
0.874 
0.882 
0.889 
0.895 
0.900 
0.905 
0.909 

0.917 
0.923 
0.929 
0.933 
0.938 

0.946 
0-952 

0-694 
0.734 
0.765 
0-789 
0.809 
0"826 

0.840 
0.852 
0.863 
0.872 
0.879 
0.887 
0.893 
0.898 
0.903 
0.907 

0.916 
0.922 
0-929 
0.933 
0.938 

0.946 
0.952 

 :68o 723 

0-945 
0-952 

0.636 
0.688 
0.727 
0.759i  
0.783 
0-804 

0-821 
0-836 
0-849 
0.859 
0.867 
0.876 
0.883 
0.889 
0-896 
0.901 

0.910 
0.91-7 
0.924 

•0.929 
0.936 

0"944 
0"951 

0"509 
0"666 
0"7091 
0-744 
0-771 
0-794 

0.813 
0.828 
0.842 
0-853 
0.862 
0.872 
0-879 
0-886 
0.892 
0.897 

0.907 
0.915 
0.922 
0.928 
0.934 

0"943 
0.951 

0.577 
0-641 
0-690 
0.728 
0.758 
0.783 

0.804 
0.821 
0.835 
0.847 
0.857 
0.867 
0.874 
0.882 
0"888 
0-894 

0.905 
0.913 
0.920 
0.926 
0.932 

0.942 
0-950 I 

I 

0-540 
0.613 
0.668 
0"710 
0.743 
0"770 

0.793 
0"811 
0.827 
0.840 
0-851 
0.862 
0-870 
0.877 
0-885 
0-891 

O- 902 
0.910 
0-918 
O- 924 
O- 930 

0.941 
0.949 

0.500 
0.579 
0.643 
0.688 
0-724 
0-755 

0-779 
0.800 
0.188 
0.832 
0-844 
0.855 
0.865 

• 0.873 
0.886 
0-887 

0-899 
0.907 
0.915 
0-921 
0.928 

0.939 
0.947 

0-458 
o.541 
0.618 
0.664 
o.701 
0.736 

0.765 
0.788 
0.808 
0.824 
0-837 
0.849 
0.859 
0-868 
0.876 
0-883 

0-895 
0-904 
o.913 
0.919 
0-926 

o. 937 
0.946 

43 



T A B L E  11 

Efficiency of Unbalanced Regenerators 

Ratio 

A~ 

A0 

Non-dim. 
Length 

Ao 

10 

5 

Non-dim. 
Blow Time 

H a  

1.5 
1 . 7 5  
2.0 
2"5 
3 
4 
5 

1.5 
2.0 
2.5 
3-0 

1.5 
1 . 7 5  
2-0 
2.5 

1.5 
2"0 

Air 
side 

0"700 
0"697 
0.694 
0-687 
0"680 
0"660 
0"636 

0.820 
0.812 
0-804 

0"700 
0.694 
0-687 
0-680 

0.700 
0.697 
0"694 
0.687 

0.700 
0" 694 

Regenerator Efficiencies 

Gas 
side 

I Mean Calc. from Estimated 
heat poles True value 

0.820, 0.760 
0.916 0 ' 756  

"0.812 0.753 
0.804 0-746 
0.794 0.737 
0 . 7 7 0  ~ 0.715 
0.736 0.686 

0.750 0.753 
0.747 0.750 
0.747 0.749 
0.740 0.742 
0.732 0.734 

Corr. 
factor 

0.007 
0.006 
0.004 
0.004 
0-003 

By Hausen 
Method 

0'775 
0"772 
0.762 
0-760 
0.751 

0.897 0:858 
0.891 0.852 
0.883 0.844 

0.870 0"785 
0.862 0"778 
0.854 0-770 
0-844 0-762 

0"897 0"799 
0.894 0.796 
0"891 0"793 
0.883 0"785 

0-915 0-808 
0.909 0.802 

0-711 
0-682 

0.845 
0.843 
0.839 

0.770 
0.766 
0.760 
0.752 

0.780 
0.777 
0.776 
0.773 

0.787 
0-783 

0.7115 
0-681 

0.853 
0.851 
0-841 

0.776 
0.770 
0 . 7 6 2  
0-753 

0-786 
0.782 
0.781 
0-773 

0-795 
0-788 

0. 0035 
0.005 

0-005 
0-001 
0.003 

0.009 
0.008 
0-008 
0.009 

0.013 
0 . 0 1 4  

0-012 
0 .012 '  

0.013 
0.014 

0.727 
0.700 

0-870 
0.862 
0.854 

0.820 
0.812 
0"804 
0"794 

0.849 
0-846 
0.842 
0-834 

0.870 
0.862 

Corr. 
factor 

0.022 
0-022 
0-013 
0.018 
0.017 
0.0155 
0.019 

0.017 
0.011 
0.013 

0-044 
0"042 
0"042 
0"041 

0"063 
0-064 
0"061 
0-061 

0-075 
0- 074 

4 4  ¸ 



T A B L E  13 
Experimental Results 

Matr ix  Type  

100 × 30 × 0'0105 

98 × 40 × 0'0045 

150 × 30 × 0"0105 

100 × 20 × 0,009 

2 -E lemen t  
F l ame  Trap  

4 -Element  
F lame  Trap  

1 -E l emen t  
F lame Trap  

[ - E l e m e n t  
? lame T r a p  

(slitted) 

t -E lemen t  
Flame T rap  

(small) 

L-Element 
7lame Trap  

O0 x 20 x 0.009 

Expt .  
No. 

f 52 53 
54 
55 

66 
63 
67 
68 
65 [°° 70 
71 
72 
73 
74 

109 
110 
111 
112 
113 
114 

81 
82 
83 
75 
76 
77 
78 
79 
80 

92 
95 
93 
90 
94 

100 
96 
97 

[ 98 
99 

101 
102 
103 
104 

105 
106 
107 
108 

120 
121 
122 

.~ 123 
124 
128 

i 129 

I 113 
116 
117 
118 
119 

Mass flow 
W [b/sec 

0.0127 
0.0165 
0.0195 
0.0220 

0.0103 
0.0240 
0-0335 
0-0462 
0-0739 
0-0911 

0.0191 
0.0217 
0.0299 
0.0400 
0.0582 
0.1108 

0.00819 
0.0139 
0.0208 
0.0204 
0-0310 
0.0418 

0,0100 
0.0128 
0.0186 
0-0196 
0.0267 
0.0376 
0.0454 
0.0553 
0.0762 

0.0273 
0.0438 
0.0622 
0.0706 
0.0725 
0.0900 

0.0068 
0.0116 
0.0152 
0.0179 
0.0208 

0.0083 
0.0117 
0.0157 
0.0211 

0.0086 
0.0118 
0.0165 
0,0214 

0.0191 
0.0277 
0;0367 
0.0456 
0.0611 
0.1145 
0.0840 

0.0525 
0'0648 
0-0775 
0-0959 
0.1145 

l~.[ass 
Vdocity 

W 
G-- 

A 

0.248 
0.322 
0.381 
0.430 

0,200 
0,468 
0.654 
0-902 
1.443 
1.779 

0-373 
0-424 
0,584 
0,781 
1,137 
2.164 

0.160 
0-272 
0-406 
0.398 
0'606 
0 ,8t6  

0.195 
0.259 
0.363 
0-383 
0.521 
0-734 
0-887 
1-080 
1.488 

0'533 
0.856 
1.215 
1.379 
1.416 
1.758 

0.144 
0-246 
0-322 
0.379 
0.441 

0.179 
0.252 
0.338 
0.454 

0.182 
0-250 
0.350 
0,453 

0,405 
0,587 
0,778 
0.966 
1.294 
2-426 
1-780 

1.025 
1,266 
1,514 
1.873 
2 ~ 3 6  

Mass 
Velocity 

W 
Gmax = 

0.528 
0.687 
0-812 
0 . 9 1 6 '  

0.298 
0,697 
0.974 
1.343 
2.149 
2.648 

0.796 
0.904 
1-246 
1,666 
2,425 
4,617 

0.238 
0.404 
0-605 
0.593 
0.901 
1.215 

0,233 
0.298 
0'433 
0.456 
0.621 
0.874 
1-056 
1.286 
1-772 

0.635 
1"019 
1.447 
1.642 
1.686 
2.093 

0,172 
0-293 
0.384 
0-452 
0.525 

0.213 
0,300 
0.403 
0.541 

0-228 
0.313 
0.438 
0.568 

0.507 
0.735 
0.974 
1.210 

.1.621 
3.037 
2.228 

1.526 
1.884 
2-253 
2.788 
3.329 

Reyno lds  
N o .  

(Hydraulic)  
Gmaxd 

43"5 
56"3 
65"0 
74'0 

33'3 
76'1 

104"3 
144"1 
237"1 
302-0 

64"9 
71'8 
96'2 

132"7 
182'0 
326"9 

44"2 
71"8 

104'6 
102"9 
152'7 
203'4 

25'4 
32-1 
45"1 
48"2 
63"7 
89-3 

102-8 
125-4 
170'4 

66"0 
101'7 
144'7 
159'7 
160'1 
198'8 

18.5 
30-4 
39.2 
45.5 
52.9 

23,2 
31.9 
41.4 
53.9 

16.7 
22-4 
30.0 
38,3 

34.4 
49.0 
66.0 
80.3 

106.2 
192.6 
142.9 

249.3 
307.4 
364.0 
446.0 
520,0 

Reynolds 
No. 

(diameter) 
. . . .  Rd = GmaxD 

It  

24"7 
32-0 
36"9 
42'0 

6"01 
13'7 
18'8 
26'0 
42 "8 
49"3 

36"8 
40-8 
54'6 
75"3 

103'3 
185"8 

10'0 
16"3 
23-7 
23"3 
34"6 
46"1 

q 

56.5 
69.7 
82.6 

101.2 
117-9 

Reynolds  
2,To. 

(per imeter  
Rp=Gmaxn D 

77'6 
100'5 
116"2 
132"2 

18'9 
43'1 
59'0 
81'6 

134'3 
155'0 

116.0 
128.2 
171.8 
237.0 
325,0 
584'0 

31'5 
51'1 
74'5 
73"3 

108"7 
144"8 

177.5 
218-9 
259.2 
317.6 
370.2 

Heat 
Transfer 

Coefficient 
tl 

cHu/ 
sec/f t  z °C 

0-00884 
0-01160 
0.01118 
0.01313 

0.0105 
0,0155 
0.0183 
0.0192 
0.0264 
0.0305 

0-0115 
0-0108 
0.0145 
0.0164 
0.0225 
0.0372 

0,0072 
0"0111 
0"0136 
0.0114 
0.0171 
0.0209 

0.00189 
0.00258 
0.00380 
0.00394 
0.00510 
0.00629 
0.00658 
0.00692 
0.00655 

0,00429 
0.00480 
0.00554 
0-00559 
0.00665 
0.00592 

0.00150 
0,00308 
0.00386 
0.00448 
0-00503 

0.00226 
0.00334 
0.00423 
0.00480 

0.00154 
0.00242 
0 .00345  
0,00440 

0.00517 
0.00429 
0,00476 
0.00520 
0,00643 
0.00836 
0.00792 

0.0244 
0.0246 
0.0277 
0.0308 
0,0365 

Heat 
Transfer 

Coefficient 
a 

kh = Gma-- x gib 

0.0691 
0.0699 
0.0569 
0.0592 

0.1474 
0.0925 
0-0784 
0.0595 
0.0512 
0.0480 

0.0602 
0.0498 
0.0488 
0.0410 
0.0387 
0"0336 

0.1267 
0.1148 
0.0940 
0,0801 
0.0792 
0.0717 

0.0339 
0"0361 
0-0366 
0.0360 
0-0342 
0.0030 
0.0260 
0.0224 
0.0154 

0.0282 
0.0196 
0.0160 
0.0142 
0.0164 
0.0118 

0.0364 
0.0438 
0-0419 
0.0413 
0.0399 

0.0443 
0.0464 
0.0438 
0.0370 

0.0281 
0.0322 
0.9328 
0.0322 

0.0238 
0.0243 
0.0204 
0.0182 
0.0165 
0.0115 
0.0148 

0-0666 
0.0544 
0-0512 
0.0460 
0.0457 

Nusse l t  
No. 

aD 
Nu = -~ 

1.228 
1.601 
1.508 
1.777 

0,625 
0,894 
1.035 
1-091. 
1.525 
1-658 

1.613 
1,470 
1,917 
2.242 
2.887 
4.459 

0.905 
1-325 
1.574 
1.319 
1.935 
2 . 3 2 6 '  

0.582 
0,808 
1,230 
1,234 
1.544 
1,890 
1.880 
1.980 
1.847 

1.313 
1-402 
1-613 
1-697 
1.834 
1.633 

0,483 
0.946 
'1-158 
1-346 
1.498 

0.734 
1,051 
1.287 
1.408 

0,334 
0,513 
0.697 
0,876 

0.580 
0.842 
0.955 
1.028 
1-234 
1.548 
1.487 

2-652 
2.662 
2.968 
3.253 
3.75 

Press drop 
~p in. H 2 0  

3"10 
4"37 
5"61 
6"76 

1-31 
3-93 
6.45 

10.6 
21.5 
27,1 

5"05 
9-4 
14.3 

21.5 
46.6 

148.5 

0'59 
1 '42 
2.54 
2'45 
3'85 
6'91 

0'50 
0"77 
1 "26 
0"79 
1 '47 
2-20 
3"34 
4"81" 
6 '32 

3'18 
5'82 
7'67 
8"51 
9.71 

14"4 

0.13 
0.28 
0.40 
0.53 
0.52 

0.15 
0.25 
0-46 
0-56 

0.47 
0.64 
1.11 
1.59 

6.0 
8.3 

10-6 
15.2 
22.5 
43.9 
30.8 

10.6 
14.2 
21.2 
27-7 
44-9 

Hal f  
friction 

2 

0.192 
0'171 
0,162 
0 '15~ 

0.623 
0-326 
0.270 
0.231 
0'195 
0.153 

0-0876 
0-1205 
0.0923 
0,0827 
0.0815 
0.0810 

0.452 
0.286 
0.284 
0-278 
0.182 
0.176 

0.249 
0.230 
0.169 
0.097 
0,091 
0.069 
0.067 
0.065 
0.0445 

0.097 
0"065 
0-042 
0-035 
O' 039 
0'037 

0.230 
0.162 
0.131 
0.123 
0.090 

0.174 
0.141 
0,137 
0.089 

0.310 
0,230 
O. 189 
0.137 

O. 186 
0.119 
0.089 
0.081 
0.067 
0.039 
0-049 

0.167 
0.148 
0.156 
0.135 
0.156 

H 
t ransfer  

effic 
kH/ 

0.360 
0* 
0',  
0'~ 

0.i 
0". 
0". 
0': 
0'~ 
04 

04 
O.L 
0'~ 
0'< 
0'~ 
0"~ 

04 
0.~ 
0-~ 
04 
0.4 
0.4 

0-I 
0.1 
0.~ 
0.~ 
0.2 
0,4 
0.4 
0,2 
0.2 

0.1 
0.3 
0.3 
0-4 
0.4 
0.3 

0.1 
0.2 
0.3 
0-3 
0..4 

0.2 
0.3 
0.3 
0'4 

0.0 
0.1 
0.1 
0.2 

0.1 
0.2 
0.2 
0.2 
0.2 
0.2 
0.3 

0.3 
0.3 
0.3 
0.3 
0.2 

t 
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T A B L E  12 
Particulars of Matrices 

Matrix 
Type 

Flame trap 

, J  , ,  

, J  , p  

, J  

" (slitte~l) 
Flame trap 

(small) 
Gauze 

W~ol 

i 

Mesh :' Wire 
wires/ dia- 

in. meter 
or  D 

crimp 
lfl, 

0 .03  
0 .03 
0 .03 
0"03 
O-03 

0.03 

O. 02 
0 0 .0105 
9 0 '004  
4 0 .0132 
:0 0-0103 
:O 0 .0105 
:0 0'009 
0 0 '0045  
loose - -  
pack 
tight 
pack 

No.  
of  

~ayers 
N 

4 
6 
2 
4 
1 

1 

1 
81 

100 
71 

1O0 
150 
1OO 
98 

Material  

Zu Ni  

6;as;" 
Zopper 
3teel 
Brass 

3taybrite 

~tdl 

Frontal  
~on- Area 
.iner A 

sq R 

uare 0 .0373 
0 .0373 

,und 0 '0512 
,, 0 '0512 

0 '0472 

0 '0468  

0 .0472 
mare 0 .0384 

0 .0384 
,d~d 0"0491 

0"0512 
0"0512 
0"0512 
0"0512 
1"00 

1 '00  

[/nimun 
lffough 
ay Are; 

At 

sq 

0"0313 
0"0313 
0 '043  
0 '043  
0 '0396 

0 '0390 

0"0377 
0"0183 
0 .0244 
0 .0230 
0 .0240 
0 .0240 
0 .0344 
0 .0344 
0"9375 

0 '8125  

Surface 
Area 

A s  

sq ft 

18'44 
27,65 
12-66 
25-3 

5-82 

5"75 

8"3 
4 '23  
5 '95  
7 .63  

11.16 
16 '73  
6 .22  
8 .20  
0"200 

0 '600  

L;~th 

ft 

0 ' 292  
0.438 
0 .146 
0 .292 
0 .0729 

0 '0729  

0"0729 
0-0833 
0"0833 
0 .1625 
0 ,175 
0.262 
0 .150 
0.094 
O.100 

0.100 

Volume 
VL 

cuft 

0 '0109 
0 '0163 
0"00747 
0 '0149 
0"00344 

0"00339 

0 '00344 
0-0032 
0 .0032 
0"00798 
0"00895 
0"0134 
0.00768 
0.00480 

, 0 . 1 0 0  

0 '100 

Veight 
of  

4atrix 
M 

lb 

1 .02 
1 '53  
0 '668  
1"336 
0 '280  

0 '273  

0.429 
0 .542 
0 '318  
1 '113 
1.23 
1"86 
0"573 
0 ,278  
3"04 

9 .12  

Effec- 
tive 

Weight 
)f  Con- At 
tainer 

Me A 

lb 

0 ,872 0.839 
1.258 3.839 
0 ,013 0"839 
0-026 0,839 
0-007 0 '839 

0-007 0.839 

0"007 0.800 
0.230 0 '477 
0.230 ] 0 '635  
0.0150 0.468 
0'0155 0"469 
0.0230 0"469 
0'0130 0.672 
0'008 0.672 

- -  0"9375 

- -  0"8125 

A a 

A 

494' 4 
742 
247 
494 
123.6 

123.6 

176 
110 '2  
154"9 
155.3 
218 
327 
121 '3 
121 '0 
200 

6OO 

A~ 

A t 

589 
883 
294 
589 
147." 

147.~ 

220 
231 
244 
332 
465 
697 
180. i 
180.( 
213 

738 

Hydr. 

_[ ft 

0.00198 
0.00198 
0,00198 
0,00198 
0,00198 

0.00198 

0.001324 
0.00144 
0.00137 
0.00196 
0"00151 
0.00150 
0-00332 
0.00208 
0.00188 

0.000626 

L 

d 

~7.4 
H.1 
'3 .7  
~7.4 
16.8 

~6.8 

;5.0 
17.8 
it '0  
]2.8 
[4 
~5 
L5.3 
t5-0 
i3 .25 

i9 .8  

H a 

V L or NA 

1693 
1693 
1693 
1693 
1693 

1693 

2416 
2 .16  
1,549 
2 ,19 
2 .18  
2 . I 8  
1.213 
1,234 

2000 

6000 

~ [ a  

2017 
2017 
2017 
2017 
2017 

2917 

302~.83 

2 '44  
4 .68  
4"65 
4"65 
1.805 
1.836 

2130 

7380 

M 

V L or NA 

9 3 ' 6  
93"6 
89-4* 
89"6* 
8 1 ' 4 '  

80"6* 

124"6" 
0"277 
0 .0828 
0"3195 
0"240* 
0 '240* 
O.I12* 
0:0554~ 

30 .4  

9 1 . 2  

* Indicates matrices from which useful results were obtained. 
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