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Introduction

Effective calculation of laminar boundary layer properties has been
possible either by the approximate Karman-Pohlhausen method or by more
exact numerical integration methods. See, for example, References
1, 2 and 3. In recent years, this kind of calculation has been extended
to the case of the heated, water boundary layer. In Reference 4, as
part of the computations of the stability of heated, laminar boundary
layers in water, the solution of the mean-flow equations was coded
and specific results were presented. Because of the interest in applying
these predictions to design techniques, this part of the code was adapted
to The Pennsylvania State University's IBM 370 computer. The code,
as it appeared in Reference 4, treated the two-dimensional flow case
and therefore had to be altered for axisymmetric flow. This memorandum
summarizes the development of the altered code and the results of calcula-
tions using the code to date. It also summarizes some of the uses
to which the output data from the code have been put. This includes
the development of a procedure to predict the temperature distribution
necessary to insure stability of the laminar boundary layer.

Development of Equations

The basic boundary layer equations were derived for an incompressible,
axisymmetric flow with heat addition at the boundary. Such effects as
buoyancy and dissipation of energy by friction were ignored. The resulting

equations, including an equation of energy balance are as follows:
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B(Dl‘u) + a(_gv) =0
9x dy

du
du du, _ e , 9 Au
P(u C o ay) =i oy (u df)

o TE N A
e dx y oy i

B B A OSSP sk I s e A i

oT 9T
o) Cp(u = + v ay) = —pul

There is another momentum equation in the z direction which is not coupled
with the above and, of course, in the y direction, 3p/dy = 0. The x and y
coordinates are curvilinear coordinates tangent to and perpendicular to

the body surface respectively. The axisymmetric nature of the flow is

reflected in the continuity equation with the inclusion of the r term.
This represents a departure from Lowell and Reshotko in Reference 4.

In order to solve these equations, they are transformed to ordinary
differential equations by defining a stream function, Y, and a nondimensional
y coordinate, n.

/2

v = (o, x U2 £

n-= (Ue/\)mx)l/2 I p dy
0

Making use of these definitions and Equations (1), the following final

equations result:

GuEm + M(% -eh e EELEL e o g

M+ A

e MtA+l ' AkA')! =
PCp ( 7 ) £6' + (pkO') 0
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The primes indicate derivatives with respect to n. These equations are

explicitly independent of x and the velocity and temperature profiles

that result are given by similarity solutions. 6 is a normalized

temperature difference and'M and A are given by:

M=—x—..d_l_l.g
U dx
e
and (4)
_mdr
A= E a5

The following boundary conditions apply for Equations (1):

at y =0 u=v=0
T = f
w
(5)
asy * @ u > Ue
e e
In terms of the transformed variables in Equations (3), these become:
atn=20 f'=£f=0
6=1
(6)
as n =+ ® f'+1
6 >0 C

The solution process requires that the physical properties of the water
(Cp, P, U, k) be known at each location in the boundary layer. Since the

temperature varies through the boundary layer, so will the physical
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properties and one must know their values and the values of their

derivatives with temperature. The formulas (from Reference 4) for

the variation of the water properties with temperature are presented

in Appendix A. The derivatives are obtained directly from these equations.
Equations (3) are nonlinear and are coupled through the fluid

properties. In addition, there are problems of initial conditions

(f" and 6' at the wall) and of the value of n at which to terminate the

integration. The method of Nachtscheim and Swigert (Reference 5) was

adopted for the numerical integration process and was found to be

satisfactory. All this is discussed in detail in Reference 4.

Boundary Layer Computer Program

The computer program for the boundary layer calculations was extracted
from the more general code of Reference 4 and adapted to the University's
IBM 370 computer. Besides being altered to account for computer
idiosyncracies, changes were made to include the axisymmetric body case
and to calculate additional boundary layer quantities that were not
available in the original program. The inclusion of the axisymmetric
case results in the term A appearing in Equations (3). For the two-
dimensional case, A is zero.

The total code consists of a Main program and a Mean-Flow Equation
(MFEQN) program plus three additional subroutines. The Main and MFEQN
programs could have been combined, but were left separate in deference
to the original makeup of the code. The code originally included
stability calculations and the Main program was used to control overall
execution and as such, was used in conjunction with eleven subroutines.
The MFEQN routine controls the solution of the mean-flow equations and

to do this calls upon the DIFF, TEMVAR, and ADAMS subroutines. The
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DIFF routine evaluates the first order differential mean-flow equations
and calls upon TEMVAR to evaluate required mean-flow properties and
their derivatives. The mean-flow equations are integrated in double ~
precision by the ADAMS routine. The integration routine is designed to
use single step Runge-Kutta procedures alone or in combination with the
multi-step Adams-Moulton predictor-corrector scheme.

The key quantities that are needed as inputs to the boundary layer
program are the free-stream temperature, the wall temperature, the
Falkner-Skan parameter, M, and the radius gradient parameter, A. The
M and A values could have been input directly or been calculated from the
provided quantities that make up these parameters (i.e., x, Ue’ dUe/dx,
r, dr/dx). The latter quantities were the ones that were used in
practice. By their use, actual values of the various boundary layer
thicknesses, Reynolds numbers, etc., could be calculated.

The important output quantities include a term referred to as
nG*, the shape factor, H=6*/6, the wall shear stress, T, and the heat
fiux, q. The term n6* is derived in the evaluation of the displacement
thickness 6*. It should be mentioned at this time that both the
displacement and momentum thicknesses are defined in the sense of two-
dimensional flow definitions. This leads eventually to slight differences
when comparing with the same quantities defined differently in other
sources. Little difference in the shape factor should result, however,
when the point on the body under consideration has a small boundary
layer thickness compared to the body radius.

The displacement thickness for the heated water boundary layer

is here used to represent the decrease in mass flow:
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o
*
o Uy 8% = [ (b U oy
0

or

8=j(1-sa@ )
0

This can be transformed in terms of dn, so that

v, X b o
6* = GTT_QI/Z I Qé - han
e § e

The integral portion of this equation is what is referred to as Ng*-

Therefore,

Vo X

e

In a similar manner, the momentum thickness is defined as
oo
o-[57 awey
0
or in terms of dn

Vw X <% e -
6 = (T)1/2 j aCi-ayan .
0

e

The shape factor is, therefore:

€))

(8)

9

(10)

(11)

(12)

(13)
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Results of Boundary Layer Computations

The code was used primarily to run a sufficient number of cases
of varied parameters so that one could generate design information
and procedures for heated axisymmetric bodies. Checks were first made
with the results presented in Reference 4. Much of the information
shown in Reference 4 is in the form of plots.which are difficult to
read accurately. Some of the quantities which are listed in tables in
Reference 4 and which can be compared are those listed in Table 1.

It is apparent that the comparisons are quite good and the largest
difference is of the order of 2 in the sixth significant figure. Since
these are key terms in the scheme of calculations, it is assumed that
all the other calculated quantities are of a similar comparative accuracy.

Another comparison (Table 2) is made between the results of the
unheated case with no pressure gradient and the classical Blasius solution.
Although the displacement thickness results appear to check very closely,
the momentum thickness results appear to differ by about 0.5%. The
results were considered close enough to verify the operation of the
present computer program.

The bulk of the boundary layer computations were performed as a
parametric study in which M, A, and AT were the parameters. In all
cases the free-stream temperature, T,» was kept at 60°F. Also, so that
comparative values of shear stress and heat flux could be obtained,

a value of arc length, x, was made equal to 4 ft and the velocity at the
edge of the boundary layer, Ue’ was chosen to be 50 ft/sec. A summary
of the results of this parameter study is to be found in Table 3. Other
computed quantities could have been included in this table, but it was

thought that these are the more important ones for later use. Plots of
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these data are shown in Figures 1-15. As can be seen, within certain
ranges of parameters, the data are fairly abundant and amenable to inter-
polation. The ranges in which seemingly sparse data exist were generally
found to show up infrequently in practical cases or were beyond the
computer program's capabilities.

An additional side study was performed in order to learn some of the

general effects of having elevated ambient temperatures. This is the kind

of situation that would occur in a water tunnel test where an attempt is

being made to extend the Reynolds number range by heating the tunnel ;

water. This study was performed for the two-dimensional case (A=0) only.

The implication here is that at least a qualitative idea of the effect %

could be learned and serve as a guide in designing an experiment. |
Data generated for a number of free-stream temperatures is presented

in Table 4. Plots of H, Ng*s> Qs and T are shown in Figures 16-27. Data

for a 60°F free-stream temperature are included again in this table and

these figures for the sake of comparison.

Critical Reynolds Number Correlation

Stability information in terms of the critical Reynolds number, RS* 5
crit
is available for two-dimensional flow both for the case of the unheated

boundary with pressure gradient and for the flow over a flat plate with

heating at the wall. The results of the unheated case are found in Reference
du
e

6 as the critical Reynolds number versus thé Pohlhausen parameter A = %-E;— "

and the heated case results were obtained from Reference 4 as critical
Reynolds number versus temperature difference. The parameter A and AT
were translated into the shape parameter H = 6*/6 so that in each

case Ré* could be plotted against H. The curves in Figure 28 are

crit
the result. It can be seen that the correlation is quite good, indicating
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that the stability of the laminar boundary layer is strongly dependent
upon H, regardless of whether it is obtained by favorable pressure
gradient or by heat. A similar correlation is reported in Reference 7.

This correlation provides the basis for the development of the type of
design information which will be presented here. Although based on two-
dimensional stability information, the correlation is considered valid
for the axisymmetric case because the stability equations, under the
assumption that the boundary layer thickness is small compared to the local
body radius, are the same for both cases.

The curve in Figure 28 for the variation in pressure gradient is
repeated in Figure 29 and extrapolated in the low Rézrit range. This
curve is used subsequently to represent the variation of H with RG*
regardless of how the H is obtained. Table 5 gives specific values
from this curve for ease in effecting computations involving this curve.

Determination of Body Temperature Distribution

In order to make preliminary design estimates of the temperatures
needed to maintain stable flow at points on a body, the data shown in
Table 3 were used in conjunction with certain criteria. Essentially
two criteria were chosen to insure the maintenance of laminar flow:

(1) the provision of just enough heat to keep the Reynolds number (based
on displacement thickness) equal to the critical Reynolds number and,

(2) the provision of enough heat so that the peak critical Reynolds number
is maintained. These are referred to as "minimum heat" and "maximum
heat" conditions respectively. The minimum heat criterion implies

that, for a particular free-stream velocity, enough heat is added to

make the operating Reynolds number, RG*’ equal to the critical value.

This should insure that there will never be any amplification of

waves in the laminar boundary layer. The maximum heat criterion fixes
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the Razric at its maximum value. Whether there is amplification depends
upon the free-stream velocity being high enough to have the operating
RG* exceed the maximum RG* .
crit

In implementing the temperature hunting procedure, the data in
Table 3.can be filed and then recovered by the computer for interpolation
purposes. The geometry and potential flow pressure distribution for
a body will be known so that an M and a A can be determined for each
point on the body under consideration. These will be designated as
Mo and lo for a particular body point. The AT required at a body station
can be determined by applying one of the criteria already mentioned
and interpolating the data to get appropriate quantities corresponding
to M and Xo.

In the minimum heat case the procedure would be as follows:

(1) Determine an Ho versus AT curve corresponding to Mo and Ao
as illustrated by the interpolation procedure pictured in Figure 30.
The curves can be represented by spline fits and values are extracted
accordingly. All the other quantities (né*, q, T) can be similarly
handled so that a curve of each of these is known as a function of AT
for particular Mo's and lo's.

(2) First choose AT=0. The Ng* corresponding then to AT=0, Mo,
and Ao can be used to determine 6* for a particular free-stream velocity

using Equation (10).

(3) Calculate RG* by means of

*

§ Ue
RG* = v .

This is the operating RG*'
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(4) Enter Figure 29 with RG* from step (3) to determine a required
H. By entering with the operating RG* we are saying that, in order for
this to be the Rszrit, we must produce a corresponding value of H.

(5) The H required from step (4) can be used with the Ho versus
AT curvé of step (1) to determine the required AT. This required AT
now will change the value of Ng*s originally determined in step (2) for
AT=0.

(6) Repeat steps (2), (3), (4), and (5) until the AT required
converges within a desired accuracy.

(7) Enter the q and T versus AT curves established for Mo and Xo
and get proper q and T values.

(8) Correct the q and T values for proper x and Ue values according

to the relationships:

Qopp, = 9(282.843) VU _7x
14)
Toope, = T(0.0056569) U /U 7x .

For the maximum heat case the somewhat different procedure is as
follows:

(1) Assume H=2.29. This corresponds approximately to the point

where RG* reaches its maximum. Adding heat beyond the value that
crit
produces the maximum RG* will result in RG* becoming smaller (see
crit crit

Reference 4) and thus be counterproductive.

(2) Enter the curve of Ho versus AT, determined in step (1) of the
minimum heat procedure, and extract the AT required for H°=2.29.

(3) Extract q and T for the AT of step (2) from curves of q and

T versus AT also determined in step (1) of the minimum heat procedure.




-18- 22 February 1978
: JJE:jep
Again, the same corrections for Ue and x shown in Equations (14) must
be made.

In addition to determining the local values of q and T, one can
multiply these by the corresponding local area elements and numerically
sum thé results to give a running total of heating power and the laminar
skin friction drag in kilowatts and pounds respectively. The formulas

used in this summation are:

) [q+

Q= g "(rn+rn+l)(xn+1—xn n' dn+l
n=0 i 2 x 10°

- (15)

-
dr, 2 1/ _4r,2
g “(rn+rn+l)(xn+1—xn) Tn . (dx)n+Tn+1 - (dx)n+1
2

lam P/ 144

Laminar Separation

An attempt was made to obtain some limits with regard to the M, A,
and AT parameters beyond which laminar separation would occur. Using
the criterion that skin friction goes to zero at the point of separation,
curves of the type shown in Figures 8-11 were extrapolated to obtain the
desired limits. Figure 31 shows one representation of limit lines so
obtained. If the operating values of M and A fall below and to the left
of the appropriate AT line, laminar separation should occur. As can
be seen, temperature difference has relatively little effect on laminar
separation.

Another presentation of this same information is given in Figure 32.
This is the kind of plot presented in Reference 8 for the two-dimensional
(A=0.0) flow case. The curve from Reference 8 is designated by "RAND"

and is compared with the A=0 case from the present study. Although
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showing slightly more effect of temperature, the Rand calculations
also indicate the minor roll of heating in the prevention of laminar

separation.

Transition

The prediction of transition is dependent on many factors, making
it difficult to develop any simplified approach to such predictions.
Free-stream turbulence level, surface roughness, body vibrations, etc.,
can all influence the location of transition. In addition, body shape,
which‘creates the body pressure distribution, and the distribution of
heat added to the body wall can materially affect the location of
transition. The work reported here concerns only the effect of body
shape and heat addition on transition and ignores the other effects.

In the present scheme the transition location can be found without
resorting to boundary layer or stability calculations. Assuming the
body shape is known, one would, of course, have to generate the Falkner-
Skan and radius-gradient parameters.

Through the courtesy of A.M.O. Smith, a plot of the results of
e9 stability calculations that were performed on a variety of heated

and unheated wedges was obtained. The plot appears as a band of data when

Rx values are plotted against values of shape factor, H. (See
trans U x
e “trans
Figure 33). thrans is defined as thrans N . It would be

logical to choose the lower bound of this band as the transition criterion.
This curve is reproduced in Figure 34 as a plot of log10 [thrans] versus
H and values corresponding to points on the curve are presented in
Table 6.

Because the shape factor is known as a function of the parameters,

M, A, and AT (see Figures 1-4 and Table 3), the transition Reynolds
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number can likewise be plotted as a function of these parameters as shown
in Figures 35-38. One can thus interpolate between the values of the
parameters and know what the transition Reynolds number should be.
The interpolation can be performed by computer using procedures
previodsly outlined and the curve of Figure 34.

Some transition test data for unheated'bodies was examined and a
correlation with the curve of Figure 34 was attempted. Most of these
data are from Reference 12 and appear in Figure 34. The H values for
these points were determined from the data of Table 3. Compared with

these data, it is obvious that the curve is optimistic, that is, it

predicts transition at a higher Reynolds number and thus, at a point
farther back on a body.

The prediction of the AT distribution and transition location for
a specific body is not being reported in this memorandum. This will be
left to a later memorandum in which that kind of result will be correlated
with the output of TAPS (References 13-14). Without going into details
of this correlation, it is sufficient to say that the H's calculated
by TAPS for a given temperature distribution have been consistantly
higher by a factor of about 1.03, than those used in obtaining the
temperature distribution. If one then reduces the H's employed in the

determination of the temperature distribution by this factor, one would

expect that the TAPS calculations with the new temperatures would
produce the desired H values. Using this idea in reverse, if the H

f values of the data points in Figure 34 were increased by the factor,
practically all of them would be located in a band above the curve.
This fact helps substantiate the validity of the criterion curve. As
a suggested methodology for the use of the curve in Figure 34, one

could replot the curve with values of H reduced by 1.03 and then, using

v udl
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the calculated data of Table 3 in establishing the boundary layer
characteristics, one would have a curve consistent with TAPS and
experimental transition information.

Of the various simplified criteria for transition developed by
others, the correlation line presented by Granville in Reference 15
comes closest to the criteria presented here. He plots a momentum
thickness Reynolds number difference between the transition and critical
values against a type of radius gradient parameter. He uses no pressure
gradient parameter but merely collapses all the data to a single
curve depending only on his radius gradient parameter. It would appear
that, for the bodies studied, the variation in M was relatively small
for most of the transition locations, leading to the use of a single
correlation line.

Conclusions

Techniques have been developed and data have been generated that
permit one to estimate in a relatively easy manner the temperature
distribution necessary to stabilize the flow over an axisymmetric body.
Additionally, these techniques and data provide a means for determining
the local heat flux, skin friction, the laminar separation point, and the
point of transition for a heated axisymmetric body.

All these estimates can be made by using the values of the various
quantities presented in the tables andvby following the interpolative
procedures and criteria that have been outlined. A simple computer
program to do this can be easily written or one can interpolate between

the curves that are also included in this memorandum.
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Comparison of Quantities Calculated by ARL Code and Those of Reference 4

(T, = 60, T_ = 60)
fll(o)
ell(o)

ﬂd*

(T_ = 90, T_ = 60)

fll (0)

0 "(0)

7]6*

(T, = 150, T, = 60)
f"(O)
e"(o)

na*

Ok~

TABLE 1

Reference 4

0.33205733

1.72078760

0.46639971
-0.71321360

1.51454910

0.74319378
-0.78381642

1.21124000
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ARL Calculations

0.33205734

1.72078700

0.46639956
-0.71321537

1.51454380

0.74319466
-0.78381826

1.21123790

s
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TABLE 2
Comparison with Blasius' Results
Blasius ARL Calculations
& 'Ue v1/2 )
§" |— 1.7208 1.72078678
VmXJ
(Ue y1/2
0 |[— 0.664 0.66740880
(VX

O —
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i i TABLE 3

Laminar Boundary Layer Data

) q T
L A M H (watts/£t?) (1b/£t%) ng
DATA FCR DELTA T = 0.0
1 -0.50 -0.0440 3.55605 0.00 0.039180 4.32630
2 -0.50 -0.0400 2.211G5 .00 0.085520C 3.77832
3 -0.5C -0.0300 2.89515 0.00 0.153740 3.17978
4 =0.50 -0.0200C 2.74414 0.00 0.203040 2.84531
5 -0.50 -0.0100 2.54908 0.00 0.243920 2.61182
6 -0.50 0.0000 2.58210 0.00 0.279640 2.43356
1 -0.50 0.0500 2.%41156 0.00 0.418180 1.90616
8 -0.50 0.10600 2.33728 0.00 0.523240 1.62523
9 - -0.50 0.2000 2.26732 0.00 0.668260 1.30985
10 -0.5C 0.5000 2.19865 0.00 1.038010 0.91627
11 -0.50 0.7500 2.17739 0.00 1.257620 0.767617
12 =C.50 G.3000 2.16921 0.00 1.3726350 C.70708
13 0.00 -0.090U0 3.79906 0.00 0.022480 3.30322
14 0.00 -0.0800 3.20730 0.00 0.120950 2.67161
15 0.00 -0.0700 3.01196 C.00 0.174650 2.41957
16 0.00 -G.06C0 2.89151 0.00 0.217420 2.24844
17 0.0C -0.0553 2.34808 0.00 0.235320 2.18320
18 0.00 -0.0500 2.80588 0.CO0 0.254250 2.11774
19 0.CO0 -0.0400 2.74051 G.GO0 0.287100 2.01163
20 0.00 -0.0300 2.68832 0.00 0.317160 1.92315
21 0.00 -0.0200 2.54538 0.00 0.344950 1.84683
22 0.00 -0.0100  2.50925 0.00 0.370950 1.78C04
23 0.00 0.0000 2.57831 0.00 0.395500 1.72079
24 0.00 0.0500 2.47148 0.00 0.502200 1.49894
25 0.00 0.1000 2.40735 0,00 0.591400 1.34786
26 0.00 0.2000 2.33267 0.00 0.740000  1.14920
27 0.00 0.3000 2.28990 0.00 0.864300 1.01960
28 0.00 0.5000 2.24200 0.00 1.071500 0.85468
29 0.00 0.7500 2.21033 0.00 1.285000 0.73010
30 0.00 1.0000 2.19130 0.00 1.468000 0.64790
31 0.50 -0.1300 3.45903 0.00 0.0&85580 2.42005
32 0.50 -0.1200 3.20442 0.00 0.148130 2.18141
33 0.50 -0.1160 3.06227 0.00 0.193990 2.033250
34 0.5C -0.1000 2.36361 0.00 0.232420C 1.92404
35 0.50 -0.0906 2.88873 0.00 0.266290 1.83585
36 0.50 -0.08G0 2.82890 0.C0 0.296980 1.7€201
37 0.50 -0.0600 2.73771 0.00 0.351670  1.64274
38 0.50 -0.0553 2.72016 6.C0 0.363530 1.61874
39 0.50 -0.0400 2.57031 0.00 0.400060 1.54848
40 0.50 =0.0200 2.51779 0.00 0.44392C 1.47082
41 0.50 0.0000 2.57541 0.00 0.4€843°50 1.40502
42 0.50 0.0500 2.49752 0.00 0.574420 1421532
43 0.50 0.1000 2.44378 0.00 0.653310 1.17777
44 0.50 0.2000 2.37352 0.00 0.789370 1.62719

45 0.50 «5000 2.27541 0.00 1.104830 0.80455

i : ’ W . . ‘.




46
47

48
49
50
51
52
53
54
55
56

58
59

60
6l
62
63
64
65
66
67
68
69
70

71
72
13
14
15
16
17
78
19
60
81
82

83
84
85
86
87
&8
89
90
91
92
93

M

0.75060
0.9000

-0.0&00
-0.0€00
~-0.0553
-0.0400
-0.020C0
0.0000
0.05C0
0.1C00
0.2000
0.5000
0.7500
0.9000

-0.06C0
-0.0400
-0.0200
0.00060
0.05G0
0.1000
0.2000
0.5000
0.7500
0.9000

-0.0800
-0.0600
-0.0400
-0.0200
0.0000
0.05G0
0.1000
0.2000
0.5000
0.7500
0.59000
1.1000

~0.0800
-000400
-0.0200
0.0000
0.0500
0.1000
0.2000
0.5000
0.7500
0.9000

-27-

H

2.23753
2.22232

2.73535
2.58313
2.67231
2.54014
2.50398
2.57299
2.51165
2.46586
2.40142
2.30192
2.26041
2243217

2.56354
2.53615
251137
2.58907
2.56890
2.52584
2.49077
2.43677
2.34131
2.29669
2.27734

2.53278
2.51393
2.59653
2.58043
2.56546
2.53224
2.50388
2.45788
2.36912
2.32411
2.30387
2.28210

2.51455
2.60029
2.58691
2.57430
2.56241
2.53539
2.51164
2.47171
2.38969
2.34551]
2.32507

q

T

(watts/ftz) (1b/ft2)

0.00
0.00

0.00
0.00
6.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.CO
0.00
0.C0
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0,00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.C0
0.00

1.31235C
1.42263C

0.4060EC
0.44853C
0.45802C
0.487830
0.524600
0.55930C
0.638700
0.710200C
0.83640C
1.137700
1.3396C0
1.447600

0.35€6576C
0.597470
0.62780C
C.656930
0.685000
0.75110C
0.6812400
0.923900
1.2G17G¢C
1.393400
1.497100

0.689900
0.716310
0.741900
0.766760
0.790900
0.848700
0.90320C
1.004300
1.26330C
l1.446000C
1.545700
1.669799

0.795030
0.818130
0.840680
0.£862730
0.E84300C
0.936300
0.5865900C
1.6790GC
1.3220CC
1.4G7CGC
1.563000
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Ng*
C.69784
0.65124

1.42265
1.32987
1.346649
1.3C591
1.22868
1.21678
1.12936
1.05653
0.35308
0.76262
0.£6571
C.62810

1.35494
1.06€27
1.04003
1.01587
0.99350
0.94401
0.90179
0.€3281
0.69576
0.62268
0.5£867

0.92342
0.90619
0.89002
0.87479
0.&6C39
0.£2759
0.75858
C.74521
0.64419
0.5€E460
0.55607
0.52360

0.81353
0.86C174
C.75C51
C.77550
Ce7635¢€
C.74579
C.72429
J.6E€TD
J.6GC278
C.55232
G.52849

——————
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| b 2 . 2

f A M H (watts/ft") (1b/ft”) Ng*

; 94 4,00 0.960C 2.31782 0.00 1.630420 0.281961

f 95 4,00 1.1200 2.20062 0.00 1.725300 0.45€00

& 96 4.00 1.2800 2.28592 0.00 1.815420 0.47891

| 97 5.00 -0.0800 2.50227 .00 0.887850 0.73541
98 5.00 -0.0600 2.59082 0.00 0.908640 0.72€670
99 5.00 -0.0400 2.57993 0.00 0.92903C 0.71833
100 5.00 -0.020G 2.56957 0.00 0.949050 0.71027
101 5.00 0.0000 2.55970 0.00 0.968700 0.70251
102 5.00 0.0500 2.53691 0.00 1.016400 0.€8428
103 5.00 0.1000 2.51648 0.00 1.062100 0.66752
104 5.00 0.2000 2.48125 0.00 1.146800 0.63766
105 5.0C 0.5000 2.40543 0.00 1.379300 0.5€854
106 5.00 0.7500 2.36263 0.00 1.547200 0.52598
107 5.00 0.9000 2.34235 0.00 1.640200 0.50474
108 5.00 0.9600 2.33510 0.00 1.675980 0.49696
109 5.00 1.1206 2.31773 0.00 1.768150 0.47789
1i0 5.00 1.2800 2.30270 0.00 1.855950 0.46090
111 5.00 1.4400 2.28958 0.00 1.939940 0.44564
DATA FCR DELTA T = 30.0
112 -0.50 -0.0400 2.37276 1237.00 0.100700 3.25866
113 -0.50 -0.0200 2.52498 1469.71 0.199140 2.50159
114 -0.50 0.0000 2.39277 1605.00 0.265550 2.14189

115 -0.50 0.0500 2.25160 1824.00 0.386130 1.67379
116 -0.56 0.1000 2.19045 2003.99 0.477550 1.42349
117 =-0.50 0.2000 2.13379 2273.00 0.621040 l.14311
118 =-0.50 0.5000 2.07987 2878.19 0.925300 0.79553

119 0.00 -0.0900 3.13521 1570.00 0.081500 2.63566
120 0.00 -0.0800 2.86927 1749.00 0.142420 2.30422
121 0.00 -0.0700 2.73210 1860.00 0.185880 2.11028
122 0.00 -0.0600 2.54085 1946.14 0.221870 1.96995
123 0.00 -0.0553 2.50701 1980.93 0.237110 1.91517
124 0.00 -0.0400 2.52147 2078.50 0.281630 1.76888
125  0.00 -0.0200 2.44421 2182.52 0.331660 l1.62532
12¢ 0.00 0.0000 2.38908 2270.00 0.375500 1.51455
127 0.00 0.0500 2.30061 2449.00 0.468400 1.31755
128 0.00 0.1000 2.24743 2594.00 0.546100 1.18355
-129 0.00 0.2000 2.18581 2834.00 0.675300 1.00655
130 0.00 0.5000 2.11235 3379.00 0.963650 0.74492

131 0.50 -0.1200 2.86660 2142.00 0.174420 1.88139
132 0.50 -0.1C00 2.69544 2316.00 0.243130 1.68129
123 0.50 -0.06900 2.53820 2384.00 0.271730 1.60846
134 0.50 -0.08G0 2.59147 2443.C0 0.297900 1.54633
135 0.50 =0.0600 2.51877 2545.63 0.344920 1l.44429
136 0.50 -G.0553 2.50461 2567.35 0.355160 1.42355
137 0.50 -0.0400 Z.46414 2633.27 0.386760 1.36250

138 0.50 -0.0200 2.42115 2710.62 0.424810 1.29454
139 0.50 0.0000 2.38626 278B0.00 0.459940 1.23662

i Lot LI S dkaiiisel s -~ S M
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T 2 2
A M H (watts/ft)  (1b/ft") Ngk

140 0.50 0.0500 2.32177 2932.00 0.53831C 1.121€&5
141 0.50 0.1000 2.27714 3062.00 0.606990 1.03515

142 . 0.50 0.2000 2.21888 3282.00 0.72542C C.90993
. 143 0.50 0.5000 2Z.13835 3793.19 0.999730 C.70285
k
; 144 1.C0 -0.08C0 2.51652 2939.39 0.39828C 1.25079
: 145 1.00 -0.06G0 2.47423 3016.60 0.43497C 1.19638
E 146 1.0C -0.0553 2.46542 3033.64 0.443130 1.18473
: 147 1.00 -0.0400 2.43915 3086.60 0.46904C 1.14928

148 1.60 -0.02C0 2.40943 3150.79 0.500550 1.10784
149 1.00 0.0000 2.38387 3211.00 0.531100 1.07095

150 1.00 0.05C0 2.33310 3345.00 0.600200 0.99363
151 1.0 0.1000 2.29508 3463.00 0.662400 0.93165
152 1.00 0.20C0 2.24154 3668.00 0.772300 0.836E&9
153 1.00 0.5000 2.15933 4154.70 1.034420 0.6€6724
154 1.G0 0.9000 2.11165 4664.75 1.3C386C 0.54778
155 2.00 -0.0800 2.45799 3724.00 0.546960 0.96343

156 2.00 -0.G6C0 2.43530 3780.23 0.57445C 0.93838
157 2.00 -0.0400 2.41491 3833.39 0.6C0780C 0.91538
158 2.00 -0.0200 2.39656 3883.89 0.62608C 0.89413
159 2.00 0.0000 2.37991 3932.00 0.650500 0.87442
160 2.00 0.0500 2.34424 4044.00 0.70790C 0.83070
161 2.00 0.1000 2.31512 4146.00 0.761300 0.79326
162 2.00 0.200C 2.27015 4330.00 0.858400 0.73196
163 2.00 0.5000 2.19093 4778.79 1.100180 0.60987

164 3.00 0.0000 2.37650 4540.00 0.751100 C.75727
165 3.00 0.0500 2.34901 46339.00 0.801400 0.72830
166 3.00 0.1060 2.32548 4730.00 0.848800 0.70260
167 3.00 0.2000 2.28722 4897.00 0.936800 0.65877
168 3.00 0.5000 2.21333 5317.79 1.16218C 0.56528

169 4.00 0.0060 2.37358 5076.00 0.83970C C.67723
170 4.00 0.0560 2.35119 5165.00 0.885C00C 0.£563¢4
171 4.00 0.1000 2.33148 5248.00 0.92810C C.63731
172 4.00 0.2000 2.29826 5403.0C 1.C0309C 0.603936
173 4.00 0.5000 2.22991 5800.29 1.221060 0.52930

174 5.00 0.0000 2.37093 5561.00 0.919900 0.61831
175 5.00 0.0500 2.35206 5642.00 0.96130C 0.60221

176 5.00 0.1000 2.33509 5719.00 1.001200 C.58739
177 5.00 0.20C0 2.30578 5864.00 1.07€6CC 0.56092
178 5.00 0.5000 2.24256 6241.59 1.277270 0.49946
179 5.00 0.9000 2.18999 6662.80 1.504290 C.44262
DATA FGOR DELTA T = 60.0

1560 =0.50 -0.04C0 2.53442 2756.00 0.108640 2.85912
181 -0.50 -0.0200 2.36421 3200.68 0.192570 2.22318
182 =0.50 0.00CC 2.25545 2473.00 0.250550 1.30540

183 -0.50 0.0500 2.13895 3941.00 0.356270 1.48659
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q T
A M H (watts/ftS) (1b/ELD) ngk
164 - -0.50 0.1000 2.08935 4290.00 0.436470 1.26198
185 =-0.50 0.2000 2.04470 4851.00 0.562420 1.01080
166 ~0.50 0.5000 2.00433 6117.92 0.829970 0.70095
187 0.00 -0.09C0 2.30413 3603.00 0.106700 2.26039
188 0.00 -0.0800 2.53106 3897.C0 0.153640 2.02170
189 0.00 -0.0700 2.52847 4103.00 0.189900 1.86443
190 0.00 =0.0660 2.45699 4266.68 0.220630 1.74603
191 0.00 -0.0553 2.42999 4334.33 0.233750 1.69906
192 0.00 -0.0400 2.36075 4526.45 0.272330 1.57202 |
193 0.00 -0.0200 2.29735 4734.30 0.315960 1.44564 1
194 0.00 0.0000 2.25178 4911.00 0.354300 1.34731

195 0.00 0.0560 2.17853 5275.00 0.435700 1.17133
196 0.00 0.10060 2.13470 5573.00 0.503800 1.05118
197 0.060 0.2000 2.08457 6067.00 0.617300 0.89235
198 0.00 0.5000 2.02663 7203.29 0.870370 0.65811

193 0.50 -0.12C6 2.62851 4773.00 0.188170 1.65071
200 0.50 -0.1000 2.49952 5096.00 0.245720 1.48738
201 0.50 -0.0900 2.45440 5226.00 0.270210 1.42563
202 0.50 -0.080C 2.41703 5341.00 0.292800 1.37228
203 0.50 -0.0600 2.35809 5543.75 0.333540 1.28355
204 0.50 -0.0553 2.34653 5586.94 0.342440 1.26538
205 0.50 -0.0400 2.31330 5718.54 0.369990 1.21166
206 0.50 -0.0200 2.27785 5873.96 0.403240 1.15154
207 0.50 0.0000 2.24896 6015.00 0.433970 1.10008
208 0.50 0.0500 2.19549 6323.00 0.502630 0.99763
209 0.50 0.1000 2.15857 6586.00 0.562850 0.91998
210 0.50 0.2000 2.11068 7042.00 0.666740 0.80765
211 0.50 0.5000 2.04579 8102.00 0.907530 0.62195

212 1.00 -0.0800 2.35586 6401.40 0.385140 1.11159
213 1.00 -0.0600 2.32121 6555.09 0.417090 1.06381

214 1.00 -0.0553 2.31396 6589.18 0.424270 1.05354
215 1.00 -0.0400 - 2.29231 6695.29 0.446830 l1.02222 |
216 1.00 -0.0200 2.26775 6824.79 0.474740 0.98550
217 1.00 0.0000 2.24659 €945.00 0.501100 0.95269

218 1.00 0.0500 2.20447 7218.00 0.561600 0.88372
219 1.00 0.1000 2.17293 7459.00 0.616200 0.82826
220 1.00 0.2000 2.12871 788l1.00 0.712500 0.74330

_ 221 1.00 0.5000 2.)6178 8886.96 0.942550 0.59108
222 1.00 0.9000 2.02397 9949.09 1.179110 0.48414
223 2.00 -0.08C0 2.30720 8087.29 0.523250 0.85678
224 2.00 -0.060C 2.28845 8200.10 0.547250 0.83464
225 2.00 -0.0400 2.27163 8307.09 0.570260 0.81426
226 2.00 -0.0200 2.25643 8409.C0 0.5923930 0.79540
227 2.00 0.0000 2.242¢61 8506.00 0.613700 0.77787
228 2.00 0.0500 2.21299 8734.00 0.664100 0.73888
229 2.00 0.1000 2.18876 8942.00 0.710800 0.7G543
230 2.00 0.2000 2.15152 9317.C0 0.796000 0.65052
231 2.00 0.5000 2.08629 1C242.50 1.008090 0.54089

NI— B——




232
233
234
235
236

237
238
239
240
241

242
243
244
245
246
247

E‘ 248
249
250
251
252
253

254
255
256
257
258
259
260
261
262
263
264
"265

266
267
268
269
270
2171
272
273
1 274
275

A

3.00
3.00
3.00
3.00
3.00

4.00
4.00
4.00
4.00
4.00

5.00
5.00
5.00
5.00
5.00
5.00

-0.50
-0.5C
-0.50
-0050
-0.50
"'0.50

0.C0
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.CO
0.00
0.00
0.00

0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
c.50
0.50

M

0.0000
0.0500
0.1C00
0.2000
0.5000

0.000C
0.05G0
0.1000
0.20C0
0.5000

0.00CO
0.0500
0.10C0
0.2000
0.5000
0.9000

DATA FOR DELTA T =

-0.0400
-0.G200
0.0000
0.0500
0.100C
0.2000

-0.0900
-0.08C0
-0.0600
-0.0553
-0.04CO
-0.0200
0.0GCu0
0.0500
0.1060
0.2000
0.5000

-0.12C0
-0.1060
-0.0900
-0.0800
-0.0553
"Oo 0400
-0.0200

0.00C0

C.C500

H

2.23922
2.216338
2.19683
2.16503
2.10388

2.23631
2.21770
2.20130
2.17366
2.1.1693

2.23367
2.21797
2.20385
2.17945
2.12€86
2.08338

90.0
2.46339
2.24701
2.15691
2.06114
2.02165
1.98775

2.58584
2.46010
2.37993
2.32242
2.30043
2.24353
2.19101
2.15317
2.09258
2.)5676
2.01666
1.737261

2.45756
2.35628
2.31985
2.28935
2.24086
2.23130
2.20375
2.17431
2.15030
2.10597

b 2
(watts/ft")

9822.00
10022.00
10£0€.0C
10543.00
11413.30

10982.C0
11161.00
11331.00
11646.00
12461.19

1203C.00
12194.00
12351.00
12645.C0
13420.00
14287.59

4500.00
5141.33
5545.00
6259.00
6796.00
7661.00

5976.00
6364.00
66532.00
6889.29
6987.94
7270.94
7580.66
7846.CC
8397.00
8851.00
9610.00
11365.39

7794.C0
8250.00
8438.00
8607.00
8905.03
8969.09
9165.09
9397.717
9610.C0
10076.00

i
(1b/ft2)

0.7087CC
0.75270C
0.79430C
0.871400C
1.06911C

0.79230C
0.83190C
0.869700C
0.94C700C
1.12661C

0.86790C
0.904200
C.939100
1.0082CC
1.18121C
1.38037¢0

0.111780
0.18441C
0.23548C
0.32894C
0.40004C
0.51179¢C

0.119670
0.158080
0.189000
0.215590
0.227030
0.260800
0.29917C
0.333000
0.404900
0.465200
0.565700
0.790390

0.13361C
0.242810
0.264000
C.2€3700C
0.21941C
0.327230
0.351460
0.380750
J«407806C
0.468530
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nd*

C.67366
0.64783
0.€2488
0.585¢€7
0.5C181

0.60254
0.58384
0.5€685
0.53703
0.47C10

0.55004
0.53570
0.52247
0.49881
0.44375
0.39274

2.54460
1.99676
1.71296
1.33522
1.13212
0.90528

1.98775
1.79930
1.66708
1.56450
1.52388
1.41192
1.29937
1.21124
1.05271
0.94414
0.80053
C.58906

1.46913
1.33120
1.27773
1.23110
l.15283
J.13€71)
1.06890
1.03514
0.9€ES7
C.8G¢75

———




-
.
¥
i

2176
277
278

2179
280
281
282
283
284
285
286
287
288

289
290
291
292
293
294
295
296

297
298
299
300
301

302
303
304
305
306

307
308
309
310

- 311

0.50
0.50
0.50

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00

3.00
3.00
3.00
3.00
3.00

4.00
4.00
4.00
4.00
4.00

5.00
5.00
5.00
5.00
5.00

M

0.1000
0.2000
0.50G60

-0.08G0
-0.06G0
-0.0553
-0.0400
-0.0200
0.G6000
0.05G60
0.1000
0.2000
0.5000

-0.0600
"0-0400
-0.0200
0.06000
0.0500
0.1000
0.2000
0.5000

0.0000
0.0500
0.1000
0.2000
0.5000

0.0000
0.0500
0.1000
0.2000
0.5000

0.000G
0.0500
0.1000
0.2000
0.5000

-32-

H

2.07555
2.)3658
1.98556

2.23861
2.20951
2.20389
2.18589
2.16549
2.14789
2.11291
2.08683
2.05053
1.39699

2.18199
2.16799
2.15532
2.14381
2.11916
2.09908
2.06830
2.01516

2.14041
2.12138
2.10600
2.078173
2.02847

2.13744
2.12192
2.10826
2.08528
2.03839

2.13477
2.12166
2.10988
2.08955
2.J)4595

w
(watts/ftz)

10479.00
11172.060
12604.60

10282.70
10511.20
10561.99
10720.70
10914.79
11096.00
11508.00
11875.00
12518.00
14062.50

13130.09
1329G.40
13443.60
13590.00
13934.00
14249.00
14820.00
16235.39

15693.00
15993.00
16267.00
16793.00
18112.39

17545.00
17816.00
18072.00
18551.00
19762.39

19220.00
19468.00
19705.00
20152.00
21328.79

G
(lb/ftz)

0.521810
0.613800
0.827310

0.368820
0.396910
0.403220
0.423090
0.447690
0.471000
0.524400
0.572700
0.658000
0.861810

0.518170
0.538460
0.557970
0.57680C
0.621300
0.662600
0.738000
0.925790

0.666000
0.70490G0
0.740600
0.80990¢C
0.98491C

0.744700
0.779600
0.813000
0.875800
1.040320

0.815700
0.847800
0.878600
0.937100
1.092750
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.0.82€65
C.72510
0.55728

0.99638
0.95592
0.94676
0.91880
C.88591
0.85647
0.79441
0.74438
0.66761
0.52999

0.75019
0.73195
0.71505
0.69931
0.66424
0.63410
0.58453
0.48550

0.60562
0.58240
0.56240
0.52635
0.45057

0.54168
0.52487
0.50658
0.48270
0.42223

0.49449
0.48159
0.4696€9
0.44837
0.39865
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TABLE 4

Laminar Boundary Layer Data for Various Ambient Temperatures

q T
AT M H (vatts/£t2) (1b/£t2) ngk

DATA FCR LAMBCA = 0.0, T AT INFINITY = €C0.0
1 6.C 0.0000 2.57631 0.CC 0.2955CC  1.72C79
2 0.0 0.0500 2.47148 C.CO 0.5022C0  1.49841
3 0.0 0.1600 2.40725 C.CO 0.551400 1.34786
4 0.0 0.2000 2.33267 0.00 0.74000C 1.14520
5§  30.0 C.0000 2.389C8 227C.CO 0.37550C 1.51455
6  30.0 C.0500 2.30061 2449.C0 0.46840C 1.31755
7 30.0 0.1000 2.24742 2594.C0 0.546100 1.18355
8  3C.C 0.2000 2.18581 2834.C0 0.67530C 1.00655
9  60.0 C.C000 2.25178 4S11.C0 0.3543CC 1.34731
10  60.C C.0500 2.17852 5275.CC C.43570C 1.17133
11 60.0 C.1000 2.13470 5573.C0 0.50380C 1.05118
12 6C.0 C.2000 2.)8457 €0E7.00 0.617300 C.85235
13 60.C C.0000 2.15317 7846.C0 0.333000 1.21124
14  9C.0 C.0500 2.09258 8397.00 0.4049C0 1.05271
15  9C.0 0.1000 2.)5676 8851.00 0.465200 C.S4414
1¢  SC.0 C.2000 2.01666 9610.00 0.56570C 0.8C053

DATA FOR LAMBCA = 0.0, T AT INFINITY = 60.0
17 0.0 0.0000 2.57821 0.CC 0.325200 1.72079
18 C.0 C.0500 2.47148 0.C0 0.412900  1.49841
19 0.0 0.1000 2.40735 0.00 0.4863C0 1.34786
20 C.0 0.2000 2.33267 0.C0 0.608400  1.14520
21 30.0 0.0000 2.43051 2425.C0 0.309600 1.5447S
22 30.0 0.0500 2.33984 2617.00 0.38750C  1.34442
23 30.0 C.1000 2.28544 2765.CC 0.45270C 1.20e21
24 3C.0 C.2000 2.22251 3C22.CC 0.561300 1.02€28
25  6C.0 C.0000 2.32214 5165.C0 0.293600 1.40CCS
26  60.0 0.0500 2.24502 5544.00 0.363300 1.21811
27  6C.0 0.1000 2.199C1 5855.00 0.4217CC 1.0S401
28 €0.0 ©.2000 2.14645 6371.00 0.51500C €.92594
29 9C.0 C.0000 2.24388 8141.SS 0.27780C 1.28C59
3¢ 9C.0 C.0500 2.17820 8714.C0 0.3407CC 1.114Cé
31 9C.0 0.1000 2.13947 9187.CC 0.393400 1.C0Cle
32 9C.0 0.2000 2.096C9 9974.C0 0.48130C C.£84553

DATA FCR LAMBCA = 0.0, T AT INFINITY = 12C.0
33 C.C 0.0CCC 2.57831 0.C0 0.2773CC  1.72C7S
34 0.0 0.05C0 2.47148 0.CC 0.352000 1.49841
35 0.0 0.1000 2.40735 0.C0 0.414600 1.34786




37
3¢&
39
40

41
42
43

44
45
46

AT
Cc.C

3C.C
30.0
30.0
20.0

60.0
€0.0
€C.0

SC.0
9C.0
SC.0

M
C.20¢C0

C.C000
C.05CC
C.1000
C.20CC

0.00CO
c.1C0C
0.2000

0.C000
0.1CG0
Cc.20C0

-3k~

H
2.332€7

2.4€277
2.3700¢8
2.31457
2.2504C

2.37774
2.24912
2194325

2.316€55
2.20496
2.15871

q

T
(watts/ftz) (lb/ftz)

c.CC

25€5.CC
2759.00
2918.CC
2180.CC

53g3.CC
€09€.C0
€€25.CC

84CC.CC
9475.C0
10284.CO

c.5188CC

0.2€47CC
0.3323CC
0.3888CC
0.482GCC

0.25220C
0.3¢€50CC
0.,45C7CC

0.2369CC
0.3423CC
0.4216CC
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na*
1.14G2C

1.5€G82
1.36€51
1.22840
1.04€C0

1.444C08
1.12639
C.9¢€Ce6

1.23863
1.046655
C.85C27
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Critical Reynolds Number Variation with Shape Factor

*
Racrit

105.000
115.000
130.000
15C.000
180.000
232.000
32¢€.000
485.000
675.000
1000.000
1500.000
2006.000
300C.0C0
4000.000
500C.000
6000.000
7000.000
8000.000
900C.0G0
10006.000
10500.000
11000.000
11210.000

H

3.80000
3.5C000
3.20000
3.06000
2.90000
2.80000
2.70000
2.60000
2.55000
2.51800
2.48750
2.46600
2.43750
2.41800
2.4C250
2.3E950
2.37550
2.36050
234400
2.32540
2.31500
2.29750
2.2E000
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TABLE 5
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TABLE 6

22 February 1978
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Transition Reynolds Number Variation with Shape Factor

B thrans
2.20CCO €.51732
2.25C00 8.28045
2.30CCGC 8.04405
2.35CCC 7.8C882
2.4CCCC 7.57548
2.45CC0O T.34413
2.50C000C 7.11730
2.55CCC 6.8939C
2.600C0 6.67524
2.65CCC 6.46204
2.70CCO 6.25501
2.75000 6.05486
2.8CCCC S5.8€231
2.84G99 5.67808
2.90CCC 5.50287

2.95C00 5.33741

1oglO[Rx

C.329065€
0.19074E
C.11CETE
0.€42S0E
C.27¢25E
C.22117E
0.121CCE
0.78224E
0.47341E
0.28976E
C.17G89E
0.1134¢E
0.7282SE
C.47651E
C.21832E
0.21747E

trans

]

Cc9
CS
0s
cs8
c8
Cs8
ce
c7
c7
c7
07
c7
ce
Cé
Cé
06
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FALKNER-SKAN PARAMETER, M
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. Figure 31 - Laminar Separation Limits
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APPENDIX A

Property Variation with Temperture for Water

Without getting into all the details of why, the formulation of
the variation of the water properties with temperature by Touloukian
and others (References 9 and 10) was used in Reference 4. It was
judged the "best" from the standpoint of derivatives of these properties.
Actually, for the free-stream properties, the fomulations by Kaups and
Smith (Reference 11) were used. The option to use either of the above
within the boundary layer is open in the program, but the equations of
Touloukian and Makita were the ones used. The following are these
formulations:

Specific Heat, C
P

3 2

cp = 2.13974 - 9.68137 X 102 T + 2.68536 x 10> T

- 2.42139 x 108 T3 (i-A)

Cp is in cal. g-l gt

T ts 100 ok

Density, p

_ (1-3.9863)% (T+288.9414)
508929.2 (T+68.12963)

p=1 + 0.011445 exp [- 31%=3] (2-A)

p is in g/ml

T 48 In °C .
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Dynamic Viscosity,‘u

262.37
T-133.98 (3-4)

T

log u = - 1.64779 +

M is in cp

T 48 in °K .

Thermal Conductivity, k

k = - 9.901090 + 0.1001982 T - 1.873892 x 10~ % T2

E +1.039570 x 10~/ T3 (4-A)

k is in m watts cm—1 °K-1

T is in °K

Unit Conversions

The following conversions are made so that the end quantities are

in commonly used units:

p X 1.9409 to get p in slugs/ft>

p x (2.088 x 10_5) to get u in lb/sec/fﬁ2

k x (0.16933) to get k in watts/ft/°R .
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