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APPLICATION OF THE MWTHOD OF LEAST SQUARES TO
ENGINE-COOLING ANALYSIS

By Blake W. Corson, Jr.
SUMMARY

The flexibility of the NACA method of correlating
engine-cooling data is shown in this report to be improved
when the data are adjusted analytically to the correlation
equation by the method of least squares. Engine-cooling
data, to be correlated graphically, must be obtained from
tests in which engine-charge-air flow and cooling-air ‘
flow are carefully controlled. The least-squares method
‘is adapted to the correlation of engine-cooling data in
which the flows of charge air and cooling air, if measured
accurately, may be varied in any manner. The values of
the correlation exponents determined by the least-squares
me thod are unique and are not dependent upon the curve-
fairing ability of the analyst.

Curve fitting by the method of least squares 1is
discussed briefly and a solution is indicated for the
values of the constants in an equation that can be
identified with the engine-cooling-correlation equation.
The NACA method of correlating engine-cooling data is
illustrated by a graphical analysis of typical engine-
cooling data. The same data are then correlated by
the least-squares method. It is demonstrated that
engine-cooling data not adapted to graphical correla-
tion may be easily reduced by the least-squares method.

INTRODUCTION

The NACA method of correlating engine temperatures
with the principal variables that determine engine ‘
temperatures has been developed for application as a
graphical method (references 1, 2, and 5. An esssential
step in the graphical process is the evaluation of constant
exponents in the correlation equation from logarithmic
graphs of data for which either engine-charge-air flow
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or cooling-air flow was held constant for a series of
tests, It is frequently difficult, especially in flight
testing, to maintain perfect constancy of the engine-
opveration variables. Under this condition the data

can be correlated graphically only after trial and error
corrections have been applied. Such data can be corre-
lated directly by the method of least squares with
precision limited only by the accuracy of the data.

When data can be obtained from very carefully controlled
tests, a graphical correlation of the data can be
performed more rapidly than a least-squares correlation
and with equal precision. The least-squares method is
recommended primarily for the correlation of engine data
in which the engine-operation variables, although measured
accurately, could not be held constant. A less important,
though interesting, application of the least-squares method
is its use as a supplement to the graphical correlation.

If the method of least squares is to be applied to
the analysis of any data, it is necessary to know the
form of the equation to which the data are to be fitted.
The NACA method of correlating engine-cooling data
employs the correlation equation in various forms.

The present work identifies one form of the equation
with a simple expression involving three variables and
three unknown constants; the method of least squares is
applied to determine the values of the constants in the
equation. Inasmuch as the method of least squares does
not require a systematic change in any of the variables,
engine-cooling data involving simultaneous and irregular
variation of engine-charge-air flow and cooling-air flow
can be correlated analytically with precision.

G The purpose of this report is to show that it is
practical to apply a least-squares method to the correla-
tion of engine-cooling data. The theory of least

squares will be discussed briefly and a general solution
will be obtained for the values of three unknown constants
in an equation of three variables, Engine-cooling-
correlation procedure will be described briefly and a
graphical presentation of typical data will be supplemented
by a least-squares correlation of the same data. The
least-squares method will be used to correlate engine-
cooling data which cannot readily be correlated by a
graphical method.
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ANALYSIS

Curve Fitting by the Method of Least Squares

The theory of least squares holds an important place
in the mathematics of observations and i1s closely related
to the laws of probabllltv and the Gaussian law of error.
A useful application in observational work 1s curve
fitting by the method of least squares.

The term"curve fitting'applies to the determination
of the values of the constants in an equation of assumed
form such that the chosen equation is the best explicit
representation of a given set of data. If a deviation
i3 defined as the difference between a datum value of the
dependent variable and the corresnonding value on the
fitted curve, a curve is regarded as represanting the
best fit to a given set of data when the sum of the
squared deviations is a minimum. This condition also
demands that the sum of the deviations be zero. The
form of the equation is always an assumption whether it
be admittedly empirical or undeniably based on physical
laws.,

The derivation of convsntional formulas for curve
fitting by the method of least squares is given in &
number of textbooks; three such textbooks are listed

as references 4, 5, and 6. A simplified derivation will
be given herein for an equation of three variables and
three unknown constants. The form of the eguation

chosen can be identified with the NACA cooling-
correlation equation.

Data are given as a collection of coordinate
values of the variables x, y, and z: (Xl, Vis 2584

(%o, Fo, 2a), e (xn, Vel» zn), where n 1is the

number of values. Assume that the variable y can
be represented explicitly in terms of the variables x

-and 2 Dby an equation of the form

y = ax + bz + ¢ (1)

where a, b, and ¢ are constants. It 1s desired to
dcterane such values of the constants a, b, and c¢ that
equation (1) will most closely fit the data. Represent
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any point by (x3, yi, 2i). If x and 2z are regarded
as independent variables, the deviation &3 of any datum
value i from the locus of equation (1) is

Dy * 32 = ¥
6; = ¥y - axgy = bzy - ¢ (2)

According to the theory of least squares, equation (1)
will best fit the data when the sum of the squared
deviations is a minimum. Let the sum of the squared
deviations be S; that is,

L= |
|

Insofar as the coefficients a, b, &and c¢ may affect
the value of S, +this value will be a minimum when

8BS o L
52 =0, 5§=0, £2=0

5

A squared deviation is

6i° = (yy - axy - bzy = ¢)®
[}
612 = yig + a2x12 + b“zi2 + c

-2axiy. - 2bz, gy * 2eyy

+ 2abx;z4 + 2bczy + 2acxj

“Sum the squared deviations and drop the subscripts. Then,

E: o] 2 = E:y + agg:x + beY— %y nc
- 2a§;xy - 2b§: y - 20\
+ 2abEZXz + 2bc§:z # 2ac§:x
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The partial derivatives of 3 with respect to a, b, and c,
respectively, are

%% = 2a§:x2 + QbE:xz + ZcE:x - 22:xy
o 4 e %3

3% = ZaS‘__XZ + 2bZz +2¢) 2z - 2Zzy
08 - ‘BaZx + 2bZz + 2nc = zzy

The partial derivatives equated to zero yield
three equations \

(ng)a i (sz) b +(Z x)c 22 Xy
(lxz)a i (Zzz)b +(} z)c =Zzy
(Zx)a +(Zz)b + ne ZZy 3
The equations (3) solved simultaneously give the
values of the constants a, b, and ¢ that will make
equation (1) best fit the data. A general solution

for the values of a, b, and c¢, with a numerical example,
is given in appendix A.

i
—
(@
~

In order to obtain the values of the constants &,
b, and c¢, either graphically or by the method of least
squares, the experimental values of the original data
must actually contain sufficient information for the
purpose . It is desirable to have a large number of
test points covering a wide range for all the variables.
Occasionally, the simultaneous equations (3) are nearly
exact multiples of each other, for which case the values
of a, b, and c¢ would be indeterminate, This result
may be due to insufficient range of the data. The
solution of equations (3) may sometimes appear inexact
when determined by ratios of small differences between
relatively large quantities. It must be remsmbered
that the sums of the squares and products of the datum
values are accurate to the same number of decimal places
as the individual values; small differences between
large sums are likewise accurate to that number of
decimal places. The detail required in the calculations
therefore makes desirable the use of a calculating machine
in solving equations (&),
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Advantages of Least-Squares Method

Curve fitting by the method of least squares has
several advantages over a graphical method. One
advantage is that the determined value of each constant
is unique. Least-squares computations performed without
error and with the proper precision can yileld only that
value of each constant which the data determine. The
human element is not involved as is the case with graphi-
cal fairing.

A second advantage is the quantitative measure of
the deviation of each datum value from the best determi=-
nable value. Using datum values of the independent
variables x and 2z permits the corresponding deviation
of y to be computed by use of equation (2). A small
value for the sum of the deviations (ideally zero) indi=-
cates that the computations are probably free from error.
Experimental values that have a deviation greater than

the estimated experimental accuracy may be discarded. :
A repetition of the work then yields much more reliable
values of the constants in equation (1). The squared

deviations may also be tabulated and the standard devia-
tion and a simple form of the probable error computed
by equations (4) and (5), respectively, as

2.
2:%e

n

Standard deviation = % \/ (4)

(5)

Probable error = +0,67

The standard deviation represents a mean deviation for
2ll the data. Prohable error is the limit of error
for one-half the experimental data,

APPLICATION OF METHCD OF LEAST SQUARFS
The Fngine-Cooling-Correlation FEquation

The engine-cooling-~correlation method was developed
to coordinate engine temperstures with the principal
variables that determine engine temperatures. A few
tests made under carefully controlled operating condi-
tions, easily attainable in a wind tunnel or on a
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test stand, serve to establish an engine-cooling
correlation. This correlation may then be used to
predict engine temperatures that result from specified
operating conditions or to determine operating condi-
tions requisite to maintain specified temperature limits.

In order to make cooling tests of an air-cooled
engine for presentation by the correlation method, it is
necessary to obtain, as basic data, measurements of the
quantities listed in the following table of symbols:

5 reference head temperature (average indication of
all imbeddsd head thermocouples, or all rear-
spark-plug geasket thermocouples$, op

T

Tq cooling-air temperature (stagnation—air temperature
in front of engine), OF

Te engine charge-air temperature ahead of carburetor, Op

Gy cooling-air-density ratio based on stagnation

density in front of engine

Ap cooling-air nressure drop across the engine,
inches of water

W weight rate of charge-air flow (without fuel),
pounds per second

N engine crankshaft speed, rpm
r blower gear ratio
d blower impeller diameter, feet

A complete list of symbols apvears in appendix B.

The principles of engine-cooling corrslatioh ‘@nd
the development of the technigue of applying these
prineciples are set forth in references 1, 2, and o.

A general statemsnt of the correlation prineiple 1is
that the ratio of cooling-temperature differential to
heating-temnerature differential is a function of a
relationship between internal flow of heating fluid

and external flow of cooling fluid. This relationship
is expressed by

h = 1y Wea

e = o (6)
Tg =™ "1 (o,ap)P
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In equation (6), c¢q 1s a constant, a and b
are constant exponents associated with We and Oglp,
respectively, and Tg 1s the mean effective gas tempera-

ture, which 1is defined in references 1, 2, and 3. The
mean effective gas temperature is a hypothetical average
temperature used in engine-analysis computations to
replace the continuously varying actual temperature of
the charge and combustion products within the engine
cylinder. A procedure for computing the value of the
mean effective gas temperature is given in reference 7
for the Pratt & Whitney R-280C engine. Equation (6)

is an engine-cooling-correlation equation based on
cooling-air pressure drop. For simplicity, only this
form of the equation will be used in the present report.

Graphical Correlation

The value of the exponent a can be determined
graphically by plotting on logarithmic coordinates the
ratio of the temperature differentials against weight
flow of charge alr for tests in which the fuel-air ratio
and sea=-level coollng-air pressure drop OgAp are held

constant. A plot of this type is shown in figure 1

(data from table I, test 241). Test numbers used

herein are taken from reference 7, from which the data
were obtained, The slope of the line, 0.565, 1s the
value of the exponent a. A similar plot of the ratio

of temperature differentials against sea-level cooling-
alr pressure drop OgAp yields the value of the exponent b.

For the determination of the exponent b, tests must be
mnade with the weight flow of engine charge air held con-
stant and the fuel-air ratio held at the same constant
value as that used in the tests to determine the expo-
nent a. A plot of the type used to determine the value
of b 1is shown in figure 2 (data from table I, test 240).
The slope of the curve, -0.321, is the negative value

of the exponent Db.

The engine-cooling correlation (equation (6))
corresponding to the data presented in figures 1 and 2
can now be written as

0.32
TR O w a/o\ W, 1.76 . i
Tg - Th oaAp oaAp
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The value of the constant c¢; can be established with

the same data as that used to find a and b by plotting
the ratio of temperature differentials against the
relation (Wea/?/éaAp). Such a plot is presented in

figure 3, 'which is the graphically established engine-
cooling correlation. The wvalue of the constant

cy = 0.560 was computed from coordinate values read
from the faired curve. The graphically determined
correlation is given by ;

D.321
L Wel.76>
e = 0.DEU, prepes 8

In order to use the correlation curve or equation
it is necessary to know the variation of reference mean

effective gas temperature TFBO with the fuel-air ratio;

a typical plot is shown in figure 4. The subscript 80
indicates that the values of mean effective gas temperature
were determined when the charge-air temperature Te

was 80°F,. The curve in figure 4 was established
(refarence 7) by use of equation (8) with the data from
table II, tests 242 and 244. Mean effective gas tempera-
ture corrected for carburstor-air temperature and blower-
temperature rise can be computed from equation (9) and
figure 4:

-

rzdz %]
Tt =iy + 0.8[? - 80 + 7775 (N /1000 8
g I‘geo e oo 9 ( / ) ( )
The derivation of equation (9) is given in reference 7.

Least-Squares Correlation

Two weaknesses exist in the graphical correlation
procedure just described. One weakness is the necessity
of maintaining a constart value of cooling-air pressure
drop ror one ssries of runs and a conatant value of
charge-air flcw for anothcr series of runs. o hald
experimental values perfsctly constant is not. possible.
A-greater source of uncertainty is that, ln falring the
construction curves (figs.l and 2), evaluation of the
exponsnts a and b depends upon the discretion of
the anelyst. The use of least squares removes both
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of these difficulties. Equation QG) expressed loga-
rithmically gives

et =t

In equation (10) the signs of the constants have been
deliberately ignored because determination of the signs
of the constants is of necessity performed in solving
for thelr wvalues.

The following identities should be made of wvalues
in equations (1) and (10):

logl 7m——mr
Lty

log W,

o
L Hi

N
il

log (OaAp)

o
i

a
ba=eb

¢ & logeq

Equation (10) can now be written in the form of equation (1)

yr=tax +Vbz + ¢

‘and the values of the constants g, b, and .o doter-
mined by the simultaneous solution of equations ().

Inasmuch as there are three unknown constants in
equation (1) ( or (10)), at least three test pnoints must

be known in order to solve for the values of the constants.

If only three points are known these may be substituted
directly in equation (1) (or (10)) and the resulting
three equations $olvéd simultaneously. The values of
the constants a, b, and c¢ so determined will yield
an equation satisfied by each of the three test points;
there can be no deviation of a point from the curvee.
Unless the data are very accurate, the final equation
may be greatly in errore. The use of only three test
points to determine: the values of the three constants
is the limiting condition for application of the
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least-squares correlation; when the number of datum
values is increased, the reliability of the final equa-
tion dis simproved.

The most laborious computations involved in the
application of least squares are those by which the sums
of the variables and their cross products are obtained.
These computations can be simplified by the use of forms
for systematlic tabulation similar to table III. The
first three columns of table III contain datum values
of the correlation variables taken from table I. The
logarithms of the variables are listed in columns 6, 8,
and 10, respectively. In the remaining columns, through
11, there are listed the cross products and squares of
the quantities in columns 6, 8, and 10. The order of
tabulation was chosen for convenience in making these
computations. The sums of the squares and cross products
obtained in table III have been used to set up equa-
tions (11) of which equations (3) are the type:

1:9%93%a: + 7.90275b + 6,12224¢c = ~2.,95038
7.90275a + 33.24726b + 25.50250c = -12.58602 (Y

6.12224a + 25.50250b + 20¢ -9.74261

The simultaneous solution of equations (11) yields thse
following values for the constants: (See appendix A.)

an="05 53
hE==OLE 00
cH=n=0 3

The accuracy of the computations end the precision
of the correlation have been evaluated by the computa-
tlons performed in columns 12 to 16Wof Gable INE. The
individual datum values x have been multiplied by the
determined value of a and the products ax 1listed
in column 12; similarly, in column 13 are tabulated
the products bz. For each individual datum value,
then, the sum of columns 12 and 13 and the constant c¢
is tabulated in column 14, identified by

iz, o). % ek + bz + ¢ (12)
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Points established by equation (12) lie on the curve of
best fit; hence, the deviation of a datum value ¥y ool

the dependent variable is determined by its difference

from the point of best fit. :

@ =y =« T{xyz)

The deviations of the datum values of Y from the curve
of best it are tabulated in column 15, and the squared
deviations are tabulated in column 1461, The very small
value of the sum of the deviations indicates that the
work is probably free from computational error. The
sum of ths squared deviations has been used to find the

standard deviation and probable error, equations (4)
and (5).

The values of the constants a, b, and c¢ deter=~
minsd by the work in table III were not regarded as final.
A study of column 15 showed that the deviations of five
of the test points (runs 7, 8, 9, 13, and 15) were

.considerably larger than the other deviations. These five

points were eliminated from the array of data and a
redetermination of the values of the constants was
performed in table IV. These values, which are
regarded as more reliable than those of table AEJBAR

are shown in the following list, which is arranged for

a quick comparison with the values obtained in table III
and the values obtained by the graphical method:

Pirst least- Final least-
Graphical squares squares
me thod correlation correlation
(Table III) (Table IV)
i = 20 =20 nS==i
Bxponent a ©.565 ORe'8 Q576
Exponsnt b 6 320l 0.300 i 0.304
Exponent a/b 1.76 _ 1.92 1.89
Constant c -0.281 -0.276
Constant cq O 515(0) 0523 0.529
Standard S i
dattatton =0.0099 £0.0089 ZOS00S L
Probable
error +0.0066 20.0060 : $0.0034
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The standard deviation and probable error shown in

the preceding table for the graphical method were obtained
- by using the deviation of datum values from the loga-

rithmic form of equation (8). The standard deviation
1s a measure of the mean scatter of test points from the
fitted curve. Using standard deviation as a basgis for
comparison, the final least-squares correlation (table IV)
yields the equation of these three equations that best
fits the data. The engine-cooling-correlation equations (13)
and (14) obtained by the least-squares method are directly
comparable with equation (8) obtained graphically:
First least-squares correlation (table III)

Th e (GN61°92>O'SOO
M OrB28H semmies {13
Tg Th oaAp

Final least-squares correlation (table IV)

r oo Wel.gg>o.304
e = 0.520 | =S (14)
Tg Th % o

In order to show how well these equations fit the
data by which they have been established, equation (13)
1s shown plotted in figure 5 and equation (14), in fig-
ure 6. The first least-squares curve (fig. 5), which
was established by the same data as were used for the
graphical method, is directly comparable with the
graphical curve (fig. 3). The final least-squares
curve, figure 6, is established by select data (table IV)
and is regarded as a close apvoroach to the best possible
adjustment.

A main purpose in applying the least-squares method
to the correlation of engine-cooling data is to provide
an exact and systematic means for finding the values of
the constants in the engine-cooling-correlation equation.
Precise correlation may not be very important as regards
temperature prediction but in engine analysis every
effort should be made to obtain the highest possible
precision. Two different correlations have bgen estab-
lished with the data listed in table I: the graphical
correlation (equation (8)) and the final least-squares
correlation (equation (14). A comparison is shown in
figure 7 of the average cylinder-head temperatures for
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two different operating conditions ealculated by equa-
tions (8) and (14) as functions of cooling-air pressure
drop. The reasonably close agreement between the
temperatures predicted by the two equations shows that
for temperature prediction a precise correlation is not
necessary. On the other hand, the agreement between
the values of the exponents obtalned by the first and
final least-squares correlations (tables III and IV)
shows the exactness of the least-squares method. The
fact that both least-squares correlations yielded equa-
tions from which the standard deviation of the data was
less than that for the graphical correlation indicates
the greater precision of the least-squares method.

THE CORRELATION OF MISCELLANILOUS

ENGINE-COOLING DATA

In the comparison of the least-squares method of
correlating engine-cooling data with the graphical method
it was stated that the practice of msking one series of
tests with constant cooling=-air pressure drop and
another with constant engine~charge-air flow was not
essential if the data were to be correlated analytically.
In order to demonstrate this fact, special engine-cooling-
correlation tests were made and only the fuel-air ratio
was held constant (approximately 0.08); the engine speed,
charge-air flow, and cooling-air pressure drop were
deliberately varied from test to test. The data obtained
during these special tests and the engine-cooling-
correlation computations are presented in table V. A
brief study of table V will show that the data are not
sulted to graphical analysis. A least-squares correla-
tion of all the data of table V (17 test points) is
performed in table VI, This correlation showed three
of the test points (runs 15, 17, and 18) to have rather
large deviations. These three test points were omitted
from the array, and a final least-squares correlatlon was
performed in table VII. The values obtained for the con-
stants were: a=0.563, b=~0,305, and ¢ = log ¢ =~-0.271;

the corresponding engine-cooling correlation, expressed
by equation (15), is plotted in figure 8:

1.85 B oD
Nk We
s 155 05 55 (15)
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The differences between the correlations, equa-
tions (1) and (15), may be due to changes in the engine
cowling made between test 241 and test 363 and also to
differences in fuel. In tests 240, 241, 242, and 24,
100-octane blue aviation gasoline was used, whereas
in test 363 the fuel was 100-octane green aviation gaso=-
line containing aromatic compounds. The differences
between equations (1l) and (15) are actually within the
experimental accuracy of the engine test data. Equa-
tion (15) and figure 8 show that engine-cooling data not
adaptable to graphical analysis may be readily correlated
by the least-squares method.

Tf miscellaneous engine~-cooling data in which there
was no systematic variation of charge- and cooling-air
flows and for which the fuel-air ratio was not held
constant are available, an approximate correlation can
be obtained by use of the least-squares method and an
assumed variation of mean gas temperature with fuel-air
ratio. The reference mean effective gas temperature
TgBO of the charge and combustion products in an engine

cylinder is a physical characteristic of the fuel-air
mixture and should be more or less the same for englnes
of a given type. This fact is borne out by simlilarity
of the variation of mean effective gas temperature with
fuel-air ratio for various air-cooled engines (refer-
ences 1, 2, 3, and 7). Only very small error should
result from the use of the gas-temperature curve,

figure li, with data obtained from any air-cooled engine.
Use of this curve makes possible the evaluation of the
ratio of temperature differentials., The subsequent
correlation of the data may be performed graphically,

{f the data are sulitable, or by the least-squares method
in any case. An approximate correlation of miscellaneous
cooling data obtained by use of an assumed gas-temperature
curve should be useful at least for predicting engine
temperatures.

A danger in using the least-squares procedure 18
the temptation to attribute greater accuracy to the con-
stants of the correlation equation computed by this
process than is warranted by the accuracy of the data.
There is no method or procedure for handling data that
obviates the necessity for good judgment on the part of
the analyst.
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CONCLUSIONS

The appliéation of the method of least squares to
supplement the use of the NACA engine-cooling-correlation
equation leads to the following conclusions:

l. Engine~-cooling data, including data not adaptable
to graphical analysis, can be correlated with precision
by the method of least squares.

2., The values of the constants in the correlation
equation determined by the method of least squares are
unique and are not dependent upon the curve-fairing
abllity of the analyst.

Langley Memorial Aeronautical Laboratory
National Advisory Committee for Aeronsutics
Langley Field, Va.
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APPENDIX A

GENERAL SOLUTION FOR THREE SIMULTANEOUS EQUATIONS

The constants a, b, and c¢ of equation (1) may
be evaluated by the simultaneous solution of equations (3),
namely: \

CijB)a + (ijz)b S (E:x)c = E:xy
(E:xz)a + (E:zz)b +-(§:z)c = E:zy

(Zx)a +(Zz)b + ne =XY )

The summations indicated in each of these equations may
be identified as follows:

A4

(3)

Y x2 = A = 1.97933
E:xz = B = 7.90275
E:x.= C = 6.12224
E:z = D = 25,50250
EZ:ZE 2 B = 35,24726

E—yz = ¢ = -12.58602
Y 7 =18 = -9.74261

where the numerical values are obtained from table III
(or equations (11)), in which n = 20. If determinants
are used to solve equations (3), the minors involved in
the process may be identified as follows:

My = nE - D = 14.56769

Mg = CD - nB = ~1,92257

M5 = BD - CE = -2,00783

Mg = nA - C2 = 2,10478

Mg = BC - AD = -2.09533

Mg = AE - B® = 3.35384
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The four determinants necessary to
evaluated by use of the minors and

1

1
"

Ap = FMp + GMg + HMz

Az FMg + GMy + HMg

I

64 = FMS - GM5 + HM@

NACA ARR No. LLH23

the =olution may be
summation identities:

1.34826
0.77878
~0,40451

-0.37943

The constants may be evaluated by the following ratios:

8o

8 = ;= = 0.57762
!
bz

b = z= = -0.30002
1
By

¢ = 4= = -0.28142
1

The numerical work performed in this appendix has
been carried to five decimal places to maintain computa-
tional precision. Because the original data were

accurate to only three significant

'l gureag only three

significant figures are retained in the final answer.

The values used are therefore
g =10.508

b -0.300
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APPENDIX B
SYMBOLS

engine crankshaft speed, rpm

cooling-air temperature (stagnation-air temperature

in front of engine), OF

eng
o

ine charge-air temperature ahead of carburetor,
T

mean effective gas temperature, °F

increrent of mean effective gas temperature
&se reference 7)

refersnce mean effective gas temperature (for
800 F charge-air temperature), OF

reference head temperature (average indication of
all imbedded head thermocouples, or all rear-
spark-plug gasket thermocoupless, Oy

welght rate of charge-air flow (without fuel),
i/ see

a,b,c,cy constants

d

2}

Ap

i

Hi

blower impeller diameter, ft
number of test polints

cooling-air pressure drop across the engine,
in. water

blower gear ratio
deviation of a datum value from the fitted curve

cooling-air-density ratio based on stagnation
dengity in front of engine

log cq

log Vig
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fl

Th
log S

S

log OqAD

..Ta
_Th

)
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TABLE I
COOLING DATA AND CORRELATION COMPUTATIONS

EP. % W. R-2800 B-series engine, low blower,

imbedded thermocouples, nonaromatic fuel. .
Data from reference 7.] NATIUNAL ADVISURY
COMMITTEE FOR AERONAUTICS
Column 1! 2 3 L 5 6 T 8 9 10| 11 | 12 13 I 15 16 17 18 19
Brake Charge=| nie1 | pusie|? 0:222; ;i 1.76
ERRCHRaloracs (rgm) r;é: flow air | 880 |temper- Loy 0gP Ta | Tn TS ____Th-T‘ Yo T & w.1e92 vNel.92 1.89 ""'91.89
power (1b/hr) (1b/hr)| ratio| (OF) ’(‘g‘;“? (oF) {(in. water)| (°F)| (°F)| (°F)|Tg =~ Th|(1b/sec)| CalP . OaAP fe OaAp
240l 1| 1100 (2120 | 8040 64,0 [0.0796[1154 | 68 69 L43.0 96 | 331|1223| 0,26l | 2.2 0.096 8
a4 Eanm B 8 W3\ %) BN Cdm S\ ) be uf )\ b3 Cuy
. 2 . .220 131 o . . o
ﬁ 1100 | 2120 | 7937 630 .oggg 1{2& 5 ) 25.6 100 | 367|122 .310| 2.203 .137 i. % o1, ﬁ.ﬁ? %%
5| 1100 (2120 | 7803 630 . L3 73 73 19.3 101 | 385[121 342| 2.170 .203 ;.B} 2230 | L.33 E
6| 1100 |2120 | 7770 613 .0788(/1160| T T ! 15 100 08|123 372| 2.160
7| 1100 | 2120 1750 | 613 | .oro1|llsT) iy o1 97 t57 1237 77 2.153 :?33 i:’Z °iﬁ5 aginli 1aoet
1100 | 2120 | 7790 615 .0590 11 1 0 30, 102 67|123 230l | 2.165 126 | L1
% 1100 | 2120 | 7677 619 .0806(1 80 79 1.9 99 03(122;| .370| 2.131 «25 ;.28
10| 1100 {2120 | 7830 623 .0795 | 11! 80 9 3l.1 102 | 362|1233| .299| 2.175 W12 L5 | L3 | L3k .140
12 | 1100 |2120 | 7855 613 .0780(1167| T1 T2 31.4 b 0f12 .291
s ) g amE B OE) B | B BIE b
. ; 1 . . .
1y | 1100 |2120 | 757 %s | .01 6111 0 1 12.5 7 ﬁ%I 1288 .% ﬂ %.iég .?53 ﬁ:ig A e A B
1100 | 2120 | 7708 03 | .0782{1165| 67 9 o7 o1 | 396|123 | .34 | 2.1 | 260 |Lh.32 | .29k | h.22 | .287
241 1| 600 [2120 | L4647 L7 0746(1198 0 71 13,5 8 | 3
| 2 . 3811268| .2 1.291 o o . A
TR PR EEE R
1200 | 2120 00 207751171 | 6 9 1y .y 12fo| . EN . o0 | 22 | =
5| 600 {2120 13 | 355 | .0769{1176 | 70 7n 1.2 86 | 337|1247 .2;6 2:38% :233 1 é:gg :igg é:gg :ii?

*ON ¥¥V VOVN
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TABLE II
COOLING DATA AND COMPUTATION OF GAS TEMPERATURE

[P. & W. R-2800 B-series engine, low blower,
imbedded thermocouples, nonaromatic fuel.
Data from reference 7 Z]

NATIONAL ADVISURY

COMMITTEE FOR AERONAUTICS

Column | 1 2 3 L 5 6 7 8 9 10 N O R
Carbu-
Brake | . |PTE® | puel Fuel-| rotor |.aTgl  o,0p W o in T4 g0 Ps T | Tag,
Test| Run |h - flow air (temper- ‘ o
et pg::: e ({%%r) (1b/hr)| ratio at(:g;e) (°F)| (in. water)|(1lb/sec)| 0adp Tg - Th (°F) | (°F)| (°F) (l(?lgzh)
242! 1| 800 |2120| 5820 L61 o.oBog 7 78 ih.g i.é;; o.igg o.ggg ggg g %ggg i% :
5 ggg gigg 27 3 %2& ‘8251 %o ;3 1318 1:2% 155 | 2307 | 3741 9 1270| 1191
ﬁ % 8 .06 80 | 7 U 1.62% | .157 | .308 | 373 | 98 |1265| 11686
e 888 S Zlhg ? ; *060 80 3 1h:g 1.503 172 | o318 522 38 |1210] 1131
6| 800 |2120| 6740 385 L0571 81 0 15.0 1.871 | .201 | .334 | 350| 99 (1101( 1021
800 |2120 0 L32 .0748 81 80 . 1.60% | .15 .30 371 | 98 |1260| 1180
| s g 1l B R CRRE e sp R e
10| 800 |2120 Zlg7 37 .0603 o 77 15.1 1.Zzo JA72 | 318 | 3 96 %582 }%2?
11| 800 |2120| 5950 e <0633 1) 75 15.2 1.654 | <159 | .3 3 ol 3 8
12| 800 |2120| 5727 05 .0707 T2 73 15.1 1.592 | .152 | .3 36l | 92 [1255| 1182
1 |1400 |2120] 10 113 .1081 56 60 257l 2.926 | .38 | 429 |337|79 | 940 | 880
g 2 iﬁoo 2120 10223 103 | .1011 9 62 1Z.2 2.850 .hﬁh 130 | 350 81 975 191
i 1400 |2120| 9853 890 .090, 0 6 9 2,737 | 395 | a2 |3 2. |172) :
1110 {2120 7685 608 .0791 61 6 15.1 2:159 | 252 | +359 [ 277 148Y 11200 1156
2 1100 [1749| 76 605 .07 61 39 iﬁ°5 25135 .523 362 gl 1;22 111
1040 |2501| 7688 606 .07 61 32 .5 2:137 1 263 1 39 1 112 171
7 11630 00| 13117 | 1490 .1136 61 13.9 3.6 <701 | 499 (356 |83 | 904 | 818

*ON ¥¥V VOVN
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TABLE III

FIRST LEAST=-SQUARES CORRELATION OF ENGINE-COOLING

DATA FRCM TABLE I

NATIONAL ADVISURY

COMMITTEE FOR AERONAUTICS

Column 1 2 3 L 5 6 il 8 9 10 11 12 13 1 15 16
W, -7
Test| Run e g xz x® x xy y ¥ z 22 ax bz £(x,z) 5 62
(1b/sec)| Tg = Ty |(in. water)

240 é g.g;h °‘§$% %2'3 o.gzggi 0. ii;gg o.gtggg -0. 2019; -o.ggahg -0. 7520 1.6%3%7 g ﬁgsaz .§01ﬁ5 -o.h;ggé 0. 562%; -o.oossg 0 8833
2530 -293 3131 -51702 :1192 :5u635 3&2 -:53323 -279 eﬁ 123927 2. 223 128302 - 4780 2222918 ::83255 -00002
ﬁ 2.203 .310 25.6 E .11766 .5h .172&5 -.a -.71629 1.408 28 1§ .19812 «50575 -.0023 .00001
‘ 5 | 2.270 3l 19.3 hizsh L11321] .33 h6 -.15678( -.46597| -.59903 1.28556] 1.65266 | .1543L -.585 L | -.47273 0067 .00005
] Ghlaa 6ot 372 13.1 373670 .11186) . -363| -.42946] -.47982 1.11 2' 1.24829 | .19318 | -.33516 | -.42341 | -.006 .0000Y
g 2.153 3 77 3.3 573 ] .11092 ’gggh -.i%}og .%%3%7 .BZR .ESZ .33573 .13256 -.25201 _.hgih .015g? 0002}

1 2.165 .30l 30, 39 .11252 .353h -.175%8 1713 0275 1.48855| 2.21578 .13576 - 65% - .01708 | .0002
9 | 2.131 +370 1.9 o3 33 .107 .32858 | - 8 35180 1.17319 1.37837 | .18979 | -. 13 - 57 .01175 .000
10 | 2.175 .299 31.1 50375 .113 33706 | -.1769L | -.52433 .78270 1.49276| 2.22833 | .19492 | -.[L780 | -. 0099 .00010
B8 3| BY | R S B ann o i aae dae ) i --m 21558 |°.ooces

TR IR b B cEE e bR ERE

2 % X . . : - - s " S =229330 | =. -.01 0002
16 | 2.1 .36l 12.7 .58593 .10931 | .330 1ﬁ - 53 1.11752 1.362 .19097 | =.35017 [ -. .00173 :
MU R B3| S| | IR R Emany 1 | e e st e oo
| Pl EE S S s ol The Ll A el | o
e | 1282 | 276 1.2 .12&32 20116l | -10789 | -.06052 :55909 1'15229 1.32777 | 06232 -.Bhs 6 6ﬁ77 -foogZB +00003
\ =20 Sum 7+90275|1.97933 |6.1222) |-2.95038 (-9.74261 |-12.58602(25.50250(33.2,726 Sum | 0,00001 |0.00157

&= 057  giendard deviation = $0.008
pesi Probable error = £0.0060

*ON YYV VDVN
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TABLE IV

FINAL LEAST~SQUARES CORRELATION OF ENGINE-COOLING

DATA FROM TABLE I

“ NATIONAL ADVISURY
COMMITTEE FOR AERONAUTICS

*ON ¥dV VOVN

22HY 1

Column 1 2 3 L ) 6 i 8 9 10 11 12 13 1 15 16
W ~-T A
o R e e xz x2 x xy v = z 22 ax v | f(x,z) 6 o?
(1b/sec) Tg"Th (in. water)
240l 1223 0.26k 43.0 0.57021 [0.12186} 0.34,908 | -0.20191 |-0.57840 |-0.94480} 1.633L7 | 2.66822 |0.2010) {-0.49693 -0.57216 |-0.0062} |0.0000k
212.215 20T 36.9 B4121 [ .11928| 34537 -.13555 -.55752 -.éuga 1.56703 2.1;5358 .19230 -.47672 P-.552\‘ -.00343 | .00001
ﬁ 2.220 .293 513 .21702 .11996| .34635| -.18465 -.5(5)51& -.79 1.[9276 | 2.22833 | .199L6 -.h51§11‘3 -.5309[ | -.00219 |0.
2.203 .310 25.6 4830l [ 11766 .3L301 -.172ua -.5086L | -.71629 1.&082% 1.285 .19754 | -.426841 | -.5071L | -.00150 |0
5125170 o3l 19.3 325l | .11321) 33646 -.15678 | -.06597 | -.59903( 1.28556 | 1.65266 | .1937T | -.39109 | -.47359| .007 .00006
6] 2.160 372 13.1 S7367) L11186] 334451 -.14363 ) 42946 | -.47982) 1.11727 | 1.24829 | .19261 | -.33990 | -.L2356| -.00590 | .0000
10 | 2.175 «299 31.1 .50375| .11388 .555&6 -.1569@ -.52433 -.ggz'?o 1.49276 | 2.22833 | 1943l -.ﬁsﬁls -.53606 .01135 .000!
3 | B | Rl N e | it | e SR o | TU | i oo o
2L : : . ‘ = -. - - . 5 o - - - 0
}% 2. .36l T 38594 | .10931| .33062 -.14511 -.l;539o -.51234] 1.16732 | 1.362 219040 | -.35512 | -.4L4099| .00209 |0
24 1| 1.291 e 13, .12 .01231( .11 -.062 -.5638) | -.63733] 1.13033 | 1.27765 | .06 -.34387 | -.55626 | -.00758 | .00006
2 1.639 .533 133 .233 2 .oh227 .20222 -.10522 -.Emoh -.5933? 1.12157 1.511373 .11332 -.5535-1’ -.53062 .oog?je 0
EIIEEE E FE E B kg AR op
51282 ) 276 | 12 I1af3‘5 “Sa6h| (30763 | Jiodoss | Jide500 | TiuRss| 1 12220 | 1:38777 | ok21s | - 32085 Tt T iocsta | 108003
Relo sum | 5.94411 [1.43278|L.46927 |-2.21793 |-7.52881 -9.91635(19.5862L [26.06127 Sum [-0.00007 [0.00039
a = 0,576 Standard deviati £0.0051
z = :3:37 mP:gblb;.o :rr::: . *0.%}&

G2




TABLE V
+OOLING DATA AND CORRELATION COMPUTATIONS

[P. & W. R-2800 B-seriss engine, low blower,
imbedded thermocouples, arﬁntie fuel. NATIONAL ADVISORY

Unpublished data. COMMITTEE FOR AERONAUTICS

*ON Y¥YV VOVN

¢2HV 1

Column 1 2 3 I 5 6 ? 8 9 10 1l Gl 13 1
Ghan Carbu- 7 .
g~ | Puel Fuel-| T rator | AT o SAp sy T T =T

Test( Run l'Bxg:]::- - e fl:)' atr | 880 temper-|  © g o‘ oh og ———-—Th_ £ +
power |(rpm) ({%%r) (1b/hr)| ratio| (°F) ?ggl)'e (°F) |{(in. water) (°F) [(°F)|(°F) | Tg~ Th |(1b/sec)

1190 | 2120 8010 632 10.0789|1158! 59 62 110 9.0| 403|1220| 0.397| 2.22
o é 1020 2120 000 20 .ogog 1150| 60 63 10.8 go.o 3901213 .575 1.22?;
860 | 2120 010 66 .0775| 1167 64 66 10.8 73.5 37711233 3l 3 92

ﬁ 670 | 2120 020 379 .0755|1177| 63 66 11,2 g 5] 355|1243 1L 1.3
2 1150 | 2290 030 637 '8595 112% 9 T Y25 0.0} Looj122 386 2.231
970 | 2290 7020 563 .0802|1 0 7 2k 83.0| 354)12 311 “1.950
8 1090 o| 8oLo = 1150 9 92 20, 82.0| 3741242 336 | 2.233
9 1290 gﬁgo 93%0 %5 - 2?) 1130 0 93 20. 83.0 3& 1223 362 2.503
10 530 2490 5030 379 0753|1177 62 9 16.0 77.5| 336|1272 2761 1.397
11| 640 | 2290| 5030 381 .0761{117 60 i 7.6 1.5| 378 1231 AL | 18997
12| 550 {2700 2820 ﬁs 0762|117 5k 108 15.1 .51 343(1282 297 1" e 83
13| 720 | 2700 0 6 .0769|1170| 54 108 21.8 67.0| 330|1278 2771 1.683
670 | 2120 0 8 0766|1171 5k 58 229 66.0| 2981229 249 1.403
ib' ngo 2120 go Zhg .gg% 1175 5l 58 21.% 69.0 536 1211 320 2.242
1 1030 2700| 8070 648 0803|1147 53 1 2.3 72.0| 340 122& .293 2.2%2
17| 1280 | 2700 gs 0 9 .0813[1137| 52 1 6. 77.5 | 3461243 299 | 2.661
18| 1180 | 2120 060 26 077711165 54 58 21.9 T71.0| 3501223 .320| 2.239

92




TABLE VI

FIRST LEAST-SQUARES CORRELATION OF ENGINE-COOLING

DATA FROM TABLE V

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

*ON Y¥VvV VOVN

= ol e |
Column a1 2 5 I D 6 74 8 9 10 11 ta 13 1 15 16 |
joeet medl;
W 0g8p T =T > &
e a a 2 2
Tesf Run x X -
(1v/sec) |(in. watar) Tg' Th ) 3 st Y i : ; Gy - e 3 :
363 1| -2.22 11.0 0. 0.3617| 0.1206 | 0.3473|-0.1393 [-0.4012|~-0.4178| 1.041L] 1.0845 |0.1938 {-0.3083 }-0.3960|-0.0052 (0.0000
2 1.222 10.8 o ?g .2952 .0833 .2%57 -.1223 | -.4237) ~-.4379|1.033L 1.06%3 .1211 -.3059 | =» 965 .0026 .oooo{
ﬁ T 10.8 .3l .zzgz .ougg £2225| -.1020| -.4584| ~-.4737[1.033] 1.0679 | 1242 | -.3059 | -.4632| .0O48| .00002
1.39 1152 <311 .13 .02 .1&%} -.0732 -.3272 -.5%22|1.0492(1.1008 | .0805 | -.3106 | -.5116| .00 .00002
2 2,251 12, .386| .3810| .1215| .3485 -.1hﬁ1 BRAL TR -.5520 1.0934] 1.1955 .19&3 -.32g6 -.J;106| -.0028| .00001
1.950 20, .311| .3810{ .0841 | .2900| -.1471| -.5072| -.666L|1.3139|1.7263 | .161 -.3889 | -.5086| .001l| .00000
8| 2.233 20. <336 J4592| .121 3489 | -.1653| -.4737| -.623L)1.3160{1.7319 | .194 -.38 -.4763| .0026 | .00001
9| 2.503 20. 362 .5236 .1583 .3985 -.5559 -3 -.5798|1.3139} 1,7263 .222& -.38 3 -.hgeo .0067| .0000l
10| 1.397 16.0 276 | .1748| .0211 | .1L52| -.0812| -.5591| ~.6732|1.2041 1.&&93 L0810 | -.3 63 -.5569| -.0022| .00000
11| 1.397 136 .351| .1279| .0211 | .1452| -.0660| -.L45047| ~.4L0OS| .88 .773 .0810 [ -.2607 -.3612 .0065 | .0000L
12 12 1. J10% 13.1 297 | .16 .0216 | .1471 -.0726 -.5272| ~.5890{1.1173| 1.2l 2 .0821 | -.3307 | -.5301| .0029| .00001
13| 1.683 21.8 277| .3026| .0511 2261 | -.1261| -.5575| ~-.7462|1.3385|1.791 L1262 | -.3962 | -=.5515| -.0060| .0000L
| 1.403 22, 249 | .1983( .0216 | .1471| -.0888| -.6038| -.8141(1.3483|1.8179 | .0821 | -.3991 | -.5985| -.00 .0000
1 2.242 21: +320 .h295 .1229 | .3506 -.1335 4948 | -.6623|1.3385[1.,7 12 .1956 -.59 2 -.agzg -.0133 .00012
1 25 ﬁz.g .293 | .5301( .122 .3506 | -.1869| -.5331| -.8060(1.5119)2.2858 | .1956 | -.LL7 -.558h .0003 | .00000
1 2.661 6. .299 | .7098| .18 4250 -,22281 -, g -.8757(1.6702{2.7896 | .2372 -.hsgé -.5387| .0 .00021
1 2.239 21.9 .320 | 4693| .1226 | .3501 | -.1732| -.4o4B| ~-.6632|1.340L4]1.7967 | 1954 | -.39 -.3829 -.0119 | .0001L
=17 Sum |5.9326 | 14458 | 46757 [-2.2653 |-8.3754 F10413) |20.9)116]26.14,8), Sum| 0.0005 {0.00077
82 0998 Standara deviation = *0.0067
¢ = -0.2 Probable error = %0.0045

2gHYT
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TABLE VII

FINAL LEAST-SQUARES CORRELATION OF ENGINE-COOLING DATA

FROM TABLE V

NATIONAL ADVISORY

COMMITTEE FOR AERONAUTICS

|
! Cplumn 1 2 3 4 5 6 4 8 9 10 11 12 13 14 15 16
W, OgaADP P =
° a
Test| Run h Xz x2 x xy y yz z z2 - ax bz f(x,z) 5 52
(1b/sec)| (in. water) Tg-T
363 1}]2.225 11.0 0.397 (0.3617(0.1206(0,3473|=0.1393( =0.4012 | -0.4178 1.0414 1.084510,1955 |-0,3175|-0,3934 |-0.0078 |0.00006
2 | 1.944 10.8 o377 | «2983| +0833| .2887| «e1223| =,4237| =.4379 1,0334] 1.0679| .1625] -.3151| =-.4240 0003 |0
3| 1,669 10.8 o348 | .2299| .0495| «2225| =,1020| «+4584| =,4737 1.,0334] 1.,0679| .1252 | -=,3151| =.4613 .0029| .00001
41,394 11.2 «311| .1514| .0208( .1443| ~.0732| =,5072| =.5329 1.0492| 1.1008| .0812 | -.2199| -.5101 .0029| ,00001
5 | 2,231 12.4 «386 | .3810| .1215| .3485| ~.1441| ~.4134| -.4520 1,0934] 1.1955| .1961| -.3334| -.4087 | -.0047| .00002
6 | 1.950 20,6 «311| .3810| .,0841| .2900| ~+1471| ~.5072| =.6664 1.3139|1.7263| .1632 | -.4006 | -.5088 «0016 |0
8 | 2,233 20,7 336 | .4592| .1217| .3489| ~.1653| =.4737| -.6234] 1,3160|1.7319| .1964| -.4012 | -.4762 .0025| .00001
9 | 2,503 20.6 «362 | 45236 .1588| +3985| ~.1759| =¢4413| =.5798 1.3139| 1.7268| .2243 | -.4006 | -.4477 .0064( .00004
10 | 1.397 16,0 «276 | «1748| .0211| .1452| ~.0812| «.5591| =e6732| 1,2041| 1.4499| .0817| -.CE671 | =.5568 -.0023| .00001
11 | 1.397 766 o351 | .1279| .0211| .1452| ~,0660| =-.4547 -.400q +8808| ,7758 | .081l7| =.2686 | =.4583 +0036| .00001
12 | 1.403 13.1 297 | «1644| .0216| .1471| =.0776| =¢5272| -.5890] 1.,1173| 1.2484| ,0828 | -.3407 | -.5293 .002110
13 | 1.683 21.8 277 | +30268| +0511| .2261| =.1261| =.5575| -.7462(1.3385/1.7916| .1272 | -,4081 | -.5523 -.,0052| .00003
14 | 1.403 22,3 2249 | ,1983| .0216| .1471| -.0888( =.6038| -.8141]1,3483|1.8179| .0828 | -.4111 | -.5997 -.0041| .00002
16 | 2.242 32,5 e293 [ +5301| ¢1229| 43506 | ~.1869| =e5331| =.8060{ 1.5119|2.2858 | 1973 | =.4610 | =.5351 .0020(0
n=1
Sum |4,2842 [1.0197|3.5500 |=1,6958 | =6.8615 |=8.2122(16 ,5955/20.0705 Sum 0,0002|0,00022
& = 0.563
b = -0.305 Standard dsviation = $0.0040
e = -0.271 Probable error = %0.0027

*ON ¥¥V VOVN
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Figure l.- Construction curve for graphical correlation of
cylinder-head temperatures. Fuel-air ratio, 0.08; cooling-
air pressure drop, 1l;.2 inches of water. Data taken from

reference 7. (See table I.) NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS ‘
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Figure 2.- Construction curve for %raphical correlation of
cylinder-head temperatures. Fuel-air ratio, 0.08; charge-
air flow, 7750 pounds per hour. Dats taken from reference 7.
(See table I.)
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Figure 5.- PFirst least-squares correlation of data that were
correlated graphically in figure 3. (See table III and

equation (13).)
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Figure 6.- Final least-squares correlation of s lect data
rom figure 3. (See table IV and equation () .)
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Figure 8.~ Final least-squares correlation of miscellaneous
ata not adapted to graphical correlation. (See table VII
and equation (15).)




