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SUMMARY

A Zehnder=Mach interferometer with eight—inch optical
flats was used to gather the data. The configuration studied was
a heated vertical rectangular prism confined by a floor, side wall,
and top as shown in Figure 7, p;ge 22, Table 1, page 22, gives
the range of the variables investigated in this study.

The most significant results are:

1. The free convection heat transfer decreases from
the value for a vertical wall in free air, for wall distances of
something over one inch, to a minimum value which generally occurs
for wall distances from three~eighths to one-half inches and then
increases quite rapidly for very close spacings.

2. The free convective heat transfer is unaffected by
the distance betwéen the top of the heated wall and the top of
the confining duct for distances greater than three-quarters of
an inch. The free convective heat transfer from the top portion
of the heated wall is considerably reduced as the top distance is
reduced below three-=quarters of an inch. This reductlon is
handled for computation puwrposes by graphical methods given in
Figure 16.

3. The point value of the free convection heat transfer
coefficient is given in terms of Nusselt and Grashof numbers by

the empirical equation,



Nup = (kp/ky)(F/x) + 0.37 Tannzex Grp°°25‘°-°°68x-1'h3 (15)

L. Integration of the value of h from the equation in

(3)'gives

Nugye = (kn/ler)(b/x) + (037 Ta;ﬂﬁﬁ:c)(?rg (22)

where n = 0.25 —0.0008 x—1°L3

which fits the experimental values for the average heat transfer
by free convection cbtained by plotting point values and averaging
by use of a polar planimeter.

Figure 17, page L6, is a graphlcal solution of the equa-
tion for the average ﬁusselt nunber which may be used for the dg—
termination of the average heat transfer coefficient. This chart
is probably the most signﬁicﬁnt resui'b of tﬁis work since it gives
a simple means by which the desired results ma;y_vbe obtained. Al-
though the é.ctual- experimental data do not extend over the complete
range that the chart covei's s it is felt that the trends have been
so definitely established in the correlation of the experimental

data that the extrapolation necessary to the extension of the
chart is Jjustified.



FREE CONVECTION HEAT TRANSFER FROM
A VERTICAL SURFACE IN AN ENCLOSURE

SECTION I
INTRCDUCT ION

vThere has been a large number of works published by vari-
ous experimenters in the field of free convection heat transfer.
Most of tn_ework in the past has been actuated by the necessity
for information concerning its application to large constructions
such as building, room heating, etc. Many experimental data are
available in this field of heat transfer. For the most part equa-
tions have been presented by the authors that will express these
data to a satisfactory degree of accuracy for engineering work.
Most of these expressions are derived by using the tools of di-
mensional analysis and the constants determined by experimentation.

The evaluation éf heat transfer by free convection by
use of previously established equations is usually restricted to
simple o special configurations since the equations have been
set up for only the most commonly encountered shapes or speclal
configurations for which there has been a particular need.

Moy published free convective heat transfer data have
been for bodles in free space. ' Some information for heat tra.nsfér
betwoes: par;i.’}.lel walls at different temperatures is available but

not for very closely spaced walls.
1



There is an almost complete lack of information coﬁcerning
the free convective heat transfer between parallel walls that are
closely spaced (less than é half inch) and also walls of small
height (less than one foot). There is no information available
concerning the free convective heat transfer for vertical surfaces
that are completely confined. .

This study came about due to this lack of data for short
bodies clésely confined. The results of this study are directly
applicable to the problem of heat transfer by free convection from
electronic conmponents.

Free-convection heat transfer from individual electronic
components to ambient air such as occurs in open vented equipment
is losing its importance in current design of airborne electronic
equipment because of its low magnitude at high operating altitudes
and the reduction of temperature differentials availlable for heat
dissipation at hiéh flight speeds. However, many types of pres-
swrized equipment have internal free-convective conditions since
for moderate heat concentrations and at the relatively high in-
ternal pressure level free convection, radiation, and conduction
are sufficient to transmit heat to be dissipated from components
to the equipment case. In such equipments, the same modes cause
heat transfer amongléamponents, i.e., between those of high heat
dissipation and those of little or no heat dissipation in close
proximity. In hermetically sealed sub-assemblies heat s trans-.
ferred from internal components to the enclosure which is of simi-

lar size may also occur partly by free convection.
2



Electronic components and sub-assemblies are short bodies,
one to five inches high, approaching cylindrical or prismatic shape.
They are usually mounted on finite horizontal surfaces wifh t air
principal axes vertical. They are exchanging heat to surrounding
surfaces mainly oriented parallel or normal to their axes in rela-
tivelrelose proximity.

It is one of the objects of this study to give informa-
tion as to the best spacings to use in locating the various compo-
nents of electronic equipment. in their cabinets. Further, the in-
formation skkihl be of general interest because it is unique in that

i1t deals with short bodies that are confined.



SECTION II
EXPERIMENTAYL TECHNIQUE

As stated above most of the experimén‘bal da.ta and expres-
sions for the evaluation of free comrection heat transfer «ke con-
cerned with large bodies in free space. Almost all of the data in
the past have been correlated on the basis .of the Grashof number
and the Nusselt number (see Section III, page 36, for definitions).

Probably one of. the reasons for the small amount of in-
formation on free convective heat transfer is the difficulty in-
volved in obtaining it.

Data that are available are sometimes correlated with a
small number of experimental points because enough analyses have
been available' so that generally only a verification of the validity
of the analyses héte ‘been necessary.

For.getti.n’g, the free convection heat transfer from large
bodies the usual method has been to make a heat balance involving
corrections for radiation and conduction. These corrections usually
are relatively large compared to the free convection heat transfer .
being investigated and are subject to a considerable amount of un—
certainty.

In the past the methods of probing the temperature field

o5 determining Lic '
near the surface with a thermocouple and,lheat\?.nput hawebeen used
for some studlies on small bodies. This method may be criticized
becduse of the fact that éince the p_robe‘ caﬁnot measure the surface
L : | ~



temperature accurately (due to ra&iation tolthe probe), it is neces-
sary to resort to extrapolation in order to evaluate the teﬁperature
gradient at the wall. Probing of the temperatufe field requireé
very steady conditions and is extremely tedious.

In evaluating the heat transfer for any small body the
end effects are always a very difficult problem since the small
body is often little more than two ends. End effects do not lend
themselves readily to mathematical analysis.

From the above it is seen that if some method can be de~
veloped to obtain the whole temperature field adjacent to a body
wilthout carrectibhs for other phenomena, such as radiation or con-
duction, around a body, the problem of collecting data for free -
convectlion heat transfer would be made much easier.

Optical methods are available to do just this. They fall
into three general systems - the shadowgraph, schlieren, and inter-
ferometer.

The shadowgraph and schlieren are for the most part in-
struments that give a qualitative plicture of what is happening
while the interferometer gives a picture that is more readily evalu-
ated from a quantitative standpoint.

1. The.shadowgraph* consists of a high-intensity light
beam passing through the subject and onto a photographic plate or

screen. The differences in the rate of change in density causes

* For more detailed descriptions of these methods, see reference

(16} and Appendix I.



Idifferent deflections of the light and therefore give a projéction
dn the écreen'that has various intensities; the greater the rate
of change of the density gradient the greater the contrast. This
methéd is very suitable for the interpretation of wha£ is happening
in the field from a qualitative standpoint. |

2. The schlieren™ consists of a system whereby rays
that are deflected to give less light at a partiéular point in the
field on the screen are cut cut so as to give more contrast than
the shadowgraph. Likewlse the bright regions are made brighter.
Schlieren photographs can be evaluated but it involves tedious
computations or measuremenis. The method is therefore best sulted
to qualitative wark. _

3. The Zehnder-Mach interferometer™ was originally con-
ceived in Germany in order to study gas flow. Its principle of
operation depends on the fact that the refractive index of light
varies with the dénsity of tﬁe medium through which the light
pasgses. Aé early as 1931 Kennard(l) published some results of
studies of free convective heat transfer cbtained with the inter-
ferometer. The interferometer is eminently suited to the study of
free convective heat transfer, since in this case the variation of
the density of a fluid is dwilg awy¥ to variations in temperat.ﬁre R
while the pressure is uniform. In accordance with the laws of per-

fect gases, density and temperature are inversely proportional to

* For more detailed descriptions of these methods, see reference

-

(16) and Appendix I.



each other at constant pressure. Therefore, the temperature field

surrounding a body at a temperature different from that of the con-

vective fluid can be explored by means of the interferometer.
Appendix I gives the details of the application of the

Zehnder-Mach interferometer as applied to this study. .



SECTION III

TEST APPARATUS

Interferometer

The Zehnder-Mach interferometer used in this study had
an optical system made up of five plane parallel optical plates
200 millimeters in diameter, manufactured of BS6-2 fine ammealed
optical glass. " Two plates are partially coated on one surface for
selective transmission. The other three are totally reflecting
plane mirrors. All surfaces are ground flat to within less 'bhan.
one—-quarter wave length of green light (5790 angstroms). The sur-
faces of -the partially reflecting plates are parallel to each
other to within 20 seconds of angle. The thickness of all plates
is 25 millimeters.

The field of view of the interferometer as determined by
the size of the plates is an ellipse with axes of 7.4l and L4.50
inches.

| The supporting frame for the optical system has a bax
gection made of half-inch steel plate. As shown in Figure 1, the
frame is U-shaped so that the test configuration to be investigated
may be placed in the open side. This instrument can be used in
either the horizontal or vertical position. |

For the experiments in the present investigation the

interferometer frame was placed in the horizontal position. The

8



FIGURE 1.

GENERAL VIEW OF INTERFEROMETER WITH TEST
MODEL AND AUXILIARY EQUIPMENT IN PLACE



test model was set in the open side as shown in Figure 1. Instru-
mentation and auxiliary control equipment were ldca'bed on a separate

table adjacent to the interferometer as shown in Figure 1.

v

Test Model

The configuration which was investigated was‘ a heated
vertical prismatic object of small height, mounted on a finite hori-
zontal swrface and surrounded by two cooled vertical surfaceé and
one cooled horizontal surface, all in relativej;t,r close proximity.
‘The constructional featuwres of the apparatus were such that the
various distances between heated and cooled surfaces could be ad-

justed and prisgmatic obJjects of various heights could be used.

1l. Determination of Length of Model

As pointed out in Appendix I, the interferometer required
a configuration which could be considered to be equivalent to a
two-dimensional sjstem. Therefare, the lengths of the surfaces
parallel to the light beam in the test section were of critical
importance. It was realized that a very short model would intro-
duce considerable difficulty in the interpretation of the inter-
ferograms since thermal gradients would exist in the field parallel
to the test surfaces and flence it would be iinpossible to assign
representative temperatures defined by the fringe patterns. In
a.ddition, the amount of refraction of light rays in a line parallel
to the light bundle of the interferometer would depend on the dif-

ference in temperature between the test model and surroundings and

10



on the length for which this temperature difference existed (see
Appendix I). The length of the model and the temperature differ-
ence would determine the distance between fringes. Thus for a
minimum fringe spacing, determined by the r.esolving power of the
‘photographic film to be used 1o record the interferograms for in-
terpretation, the maximum allowable temperature difference would
be smaller the longer the model. The rafraation'of the 1light would
| in effect be an integration of the temperature distribution along
the length of the model. Therefore, the ideal temperature distri-
‘bution along any light beam would be one which was constant for
the length of the model and changed abruptly at both ends. In
order to ascertain how closely this condition could be approxima'l}ed,
the initial phase in the development of the test apparatus was con-
cerned with the determination of a suitable length for the test
model.

The basic data for the design of the model were obtained
by thermal probings in which temperature distributions around a
prototype modél were determined. The model was constructed of a
3/l-inch thick Transite core with embedded heating wires and 1/8
ineh thick copper face plates. It was mounted on a flat plate, as
shown in Figure 2. The temperature distribution in the air around
the model was found by means of an iron-constantan thermocouple
" made of 0.00h~irnch wire located accurately with a micrometer in
refe;:rence to the model. A precision potenticmeter was used for.
measurement of the thermal e.m.f.!s. The results of the probings
are given in Figures £6 through 29 in Appendix II; These results

11
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MIGROMETER FOR
LOCATING THERMOCOUELE
PRORE

FIGURE 2.

VIEW OF PROTOTYPE MODHL WITH THHRMOCOUPLE
PROBE AND LOCATING MICROMETER
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indicated that the ideal temperature distribution was best approached
when the copper surface-plates of the model projected 1/16-inch be-
yond the Transite core. The model length was selected as 10 inches
since this was the shortest length for which the errors discussed

in Appendix I would not be in excess of 2.5 per cent. The lengths

of the cooled surfaces were made equal to the length of the hsated
model.

2. Cons‘truétion of Test Model

The sides and top of the heated prismatic vertical model
were made of 1/8-~inch copper plate screwed to the Transite core in
which the heating elements were imbedded. The Transite core was
made 5/8 inch thick, 3-3/L inches wide, and 9-7/8 inches long.
Longitudinal grooves 0.025 inch wide with 1/8-inch spacings were
milled in the sides and ton of the core to accomodate the 0.007-inch
diameter Ni-Chrome V resistance heating wire. The heating elements
were wired so that ‘the top of the model, the top halves of each
side and the bottom halves ‘of each side could be controlled sepa~
rately. The wires were cemented in place with a porcelain cement.
The Transite core was then ground on both sides to within 0.001
inch of being flat and parallel. Thermocouples were peened into
the :Lnsj.cie surface of the §opper plates and their leads brought out <f
the ends of the Transite core of the mcdel. After the copper sides
and top, which were 10 inches long, were fastened to the Transite
core, the flatness of the model was checked on a surface plate.
The surfaces were scraped to within 0.002 inches of being flat and

parallel. _
13 -



Figure 3 shows the two models used in this study. The
Lk~inch high model was used to collect most of the data and the 2-
inch high model was used to confirm the correlation established
for the L=inch model.

Cooled confining surfaces were made to form a duct 7
inches high and 2 inches wide. The duct, shown in Figure L, was
made of 1/l-inch brass plate which was flat to within 0.0015 inch
in the total léngth of 10 inches. All Joints were sealed with
soft solder since the cooling medium was to be water circulated
in a tank built up around the duct. The duct sides were narallel
to each other to within 0.0005 inches after final assembly. The
temperature of the duct was measured with 13 thermocouples spaced

around the center of the sides and top of the duct.

3. Compensation far End Effects

A pictwre showing the fringe configuration with the model
set normal to the iight beam shows qualitatively the end effect be-
yond the end of the test model. Such a picture is shown in Fig-
ure 5, where the model is in a duct and its long dimension is set
normal to the light path. It was found that by rounding the top
of the duct's end to a 3/8-inch radius, the effect of the flow of
heated air from the top of‘the duct, i.e., the distance from the .
end of the model %o where the ambient temperature exists, as shown
in Figure 5, was reduced. In this manner, the change from ambient
temperature to the temperature within the duct was effected in the

shortest distance, .

i -



HEATING COIL LEADS

FIGURE 3,
PRISMATIC MODELS OF 2~ AND 4-INCH HEIGHT
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MECHANISM TO

AGITATE WATER ;‘-’ggwm TO HOLD
ARTABLE L, AT VARIOUS
v VOLTAGE  IN TANK POSITIORS RELATIVE
TRANSFORMER FOR SURROUNDING DUCT 7 TRIOT WALLS
VARYING VOLTAGE DUCT - WALL -
ACROSS HEATING '
WIRES AT ENDS
OF DUCT
FIGURE U,
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FRINGE CONFIGURATION WITH MODEL SET NORMAL TO LIGHT BEAM

FIGURE 5

After the model was placed in the duct the temperature
distribution parallel to the'-__iength of the duct was probed and
found to be c9nsiaerab1y different from those obtained on the model
in the open, since the end effec'b- was greater. Various arrangements
were tried on the ends of the test section to reduce this effect.
These included shielding tpe- op'ening except for the region arcund
the model where the iemlﬁeraturé gradient was to be explored inter—
ferometrically; exbeﬁding the duct sides to a greater length than
the model; extending the top and bottom of the duct; and extending
the top only and the bottom only. The use of thin optical}y—_-flat

glass windows was considered but abandoned due to the expense and
17 '



time involved to secure them.  The best arrangement was found to be
a sz_aries of horizontal resistance wires of 0.00h4~inch diameter spaced
ocress LAe ensts of Lhe dluck
at about 3/8-inch intervals, Electrical heating of the wires pro-
duced a convective end effect with a ‘steep temperature gradient in .
the direction of the light beam. Also, the in-flow of air at the
bottom and the ou‘b—ﬂcw at the top of the duct sharply. decreased.
Optimum voltages across the grid for particular model temperatures
were determined by thermal probings at various levels along the
model and at various distances from the model. In each case the
-optimum voltage was taken as that which-gave an area under the tem-
perature distribution curve equal to thé area under the ideal tem-
perature distribution curve. In accordance with the lthecu:'y oﬁ.’o?l.ined .
in Appendix I, the ideal 'bemperatu;-e distributioz}_ was\"lgased on 'bhe
air temperature at the center of the model, since the interferograms

were taken with the instrument focused at that point. Figure 6

shows some typical results of these thermal probings.

L. Adjustment and Control of Test Conditions ‘

The ji;est apparatus shown in Figure I} was constructed so
that the heated model and duct could be held at a constant tempera-
ture difference and the médel could be located any place in the
duct by lateral and vertical screw adjustment of the supports. The
surface temperat:ure of ‘the model was unifofm and was produced by
adjustment of the input voltage to the embedded heating coils by
means of variable-voltage transformers. The temperature of the

duct walls was also uniform and was malintained so_by means of an

18



agitated water bath contreolled by an adjustable continuous supply
of fresh water. |

The position of the duct and the model relative to the
light beam was critical since non-parallelism could cause undesira-.
ble optical reflections from the model and duct surfaces. There-
fore, the duct was carefully located by means of two réference
blocks with cross hairs which were brought into optical alignment
by producing coincidence of their images. The model was located by

meagsurements relative to the duct walls.

19
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SECTION IV .

TEST DATA

-Procedure and Scope

Tests were carried out with the apparatus shown in Fig-

ure 4 to determine the effect of several variables on the point

value of the convective heat transfer coefficient. The variables

to be investigated were:

l. Distance x between the parallel vertical surfaces of

3.
Lo

5.

6.

the model and the duct.

Distance d between ?he top of the model and tk;e‘ :b‘op
of the duct.

Height L of the model. _‘

The vertical distance, §, from the bottom of the
model to the point in guestion.

Temperature ?.ifference @ between the model and the

duct.

Temperature T, of the model.

The dimensional variables x, d, ﬁ and L are shown in the diagram of

Figui'e Te

Model surfaces and duct walls were maintained at uniform

but . different temperatures. Except when the heated model was in

the center of the duct, data for two side distances x were obtained

with each photograph.

21
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p— Py

FIGURE 7
DIAGRAM OF CONFIGURATION

Quiescence was maintained in the room while the data were
collected and ample time was allowed bebween photographs for ther—
mal, equilibrlum to be established. |

Table 1 contains the range of conditions of the test
data. The conditions for each individual data point are given in
Table L4 in Appendix V. |

Table 1. ' Range of Test Data

Model = Number of
Height, Variable - Settings Range of Settings
inches ' ' -
L x i 0.135 to 1.015 inches
L a L 0.125 to 1.866 inches
L o L 50 to 112°F
‘2 x 1l 0.125 to 0.875 inches
2 d L 0.125 to 1.8 inches
2 e 2 100°F (702 and 108°F

for one distance, 4)
22 v



The photographs of the interferometric patterns were made
on Kodak Super Speed Qrtho Portrait films with a Speed Graphic L5
camera having a focal plane shutter. The camera was installed
without the lense board so that the image from the interferometer
was focused at the focal plane of the camera. Exposures of 1/50
second were used. A typical interferogram is shown in Figure 23,
Appendix I. All told, 150 photographs were taken.

Interpretation of Interferograms

‘1. Heat Transfer Mechanism

The fluid at the heated surface is assumed to have no
motion. The fluid in the film immediately adjacent to the surface
is assumed to have little \motif:n. ' Therefore, practically all he;t.
transfer through the £ilm, which under the free convecfive condi-
tions such as used in the investigatic;n may have a thickngss in
the order of b._o75. inch, takes place by conduction. The fundamental

expression for one-dimensional conductive heat transfer is

q = - ki dt/ax (1)

where = q = rate of heat transfer, Btu per hour
k = thermal con&udjfoiv:}:by s Btu per hour per square foot
per degiiee F per foot
A = area, square feet
dt/dx = temperature gradient, °F per foot
The rate of heat transfer q from the heated model 'bé the

cooled duct may also be defined in t\erms of a heat transfer coeffi-
23 v .



cient h, the surface A, and the temperature difference between the

heated model and the cooled duct ty - tg. Thus,
q = BA(ty - tg). (2)

The heat transfer at any point is obtained by equation (2) and may
be equated to equation (1). Therefore,

h (ty - tg) = = Kdt/ax (3)

since the heat transfer at a particular point must pass through the
air adjacent to the model surface.

2. Evaluation Procedure

With thermocouples located on the model and duct, the tem-
peratures i, and tg were measured directly. Tables wefe available
giving values of the thermal conductivity k. The values for k and
other physical properties of air used in the analysis are ag‘iven in
Table 3, Appendix '.iIII. Referring to equation (3), it is seen that
the only term which remained to be determined in order to compute
the heat transfer coefficient was dt/dx. In other words, the tem-
perature gradient in the air film adjacent to the surface of the
model had to be determined.

. Equation (36) s Appendix I, gives an expression for com-
puting the temperature difference between any point in the field of
an interferogram and the ambient temperature, the latter being the
temperature of the air surrounding the interferometer at the time

the interferogram was taken. Gmfves of the variation of this tem-

2 v L



perature difference A T with ambient temperature and density were
made up for values of £, fringe shifts .from ambient condition,
ranging from 1 to 30. From these curves, since ty was known, the
number of fringe shifts € corresponding to the difference between -
the temperature at the model swrface and the ambient temperature,
in a direction could be chosen. By counting normal to the model
surface .on the interferogram the number of fringes, the temperature
at each fringe could be determined. |
To obtain plots of the temperature gradients, it was also
necessary to determine accurately the location of each fringe rela-
tive to the model swrface. For that purpose, the negatives of the
interference‘ photographs were enlarged by 10 to 1, by projection on
a screen. The positions of the fringes were obtained by scaling ‘
the projected images. Actually the positions were ’cranéferred by
pin marks to a séalg strip on which distances were measured with an
accuracy of 0.0l inch, corresponding to 0,001 inch in the actual
temperature field. |
Fé”n each interferogram, after measuring the distances be-
tween the fringes at various elevétions on the surface of the model,
a table of temperature versus distance normal to the model surface
was set up. These values were plofb'bed and slopes of the tangents
to these temperature distrihutiqn curves at the model surface were
measured. These slopes gave values of the temperature gradients
dt/dﬁ:. A typical plot of the reduced data is shown in Figure 8.
- The temperature gradlents determined by the above me;bhod

were found to vary with the dimensional variables indicated on
25 ¢ . .
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page 21. A typical plot of the variation of temperature gradient
versus distance x between model and duct wall for various elevations
,Q from the base is shown in Figure 9. From the faired temperature
gradient-curves such as shown in Figure 9, values of dt/dx for con-
‘stant values of distance x were determined and tabulated, as given
in Table 4 in Appendix V. :

Discussion of Reduced Heat Transfer Data

From the shape of the curves in Figure 9 it may be.seen
‘that the temperature gradient and, therefore, the local heat trans—
fer coefficlent varies little with the distance x when the latter
is large. As the distance x is decreased, the heat transfer coef-
ficient decreases, reaching a minimum at a dis’c.anqg between the i
vertical surfaces,which for the test data, is in the range of 1/L to
1/2 inch. With further decrease of the distance x the temperature
gradient increases.rapidly. As may be expected, it would be infi-
nite if the distancé were 'déc‘reased to zero.

When the distance bé'bv_reen the vertical surfaces is very
small, the flow of heat, other than byvradia.t.ion, shouid cccur by
pure conduction through the air space. Then, essentially, a
" straight-line temperature \ﬁiSt?ibution would exist between the two
surfaces for temperature differences used in the investigation.

The rate of heat transfer per unit area would be given by

1

qa = ky (by - tg)/x, (2

where ky is the thermal conduc'bivity\ evaluated at -the mean tempera-
. o7 -
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ture of the air space. In equation (L), (ty = tg)/x would be
equivalent to - dt/dx for small disténces'which'when plotted versus
x gives a hyperbola for any particular temperature difference.
When plotted with the experimental curves, such as those shown in
‘Figure 9, the hyperbolas become tangent to the corresponding experi-
mental curves at small values of the distance x. This is shown for
a typical data plot in Figure 10, When the gradient-curve due to
conduction is subtracted from the total gradiemt-curve, as obtained
experimentally, a resultant curve is found which is tangent to the
‘total gradient-curve at large values of surface distance. This
latter curve resulting from the difference between the total gradi-
ent and the conduction gradien£ is designated for the purpose of
this study, as the free-cdnvec@ion effect. ) ‘\ ‘

The effect of reducing the distance between ﬁhe top of
the model and the top of the duct is to decrease the heat: transfer
coefficients in the upper portion of the model while those near the
base remain unaffected. This is illustrated by the typical curves
in Figure 11. ’

As shown from the curves in Figure 11, cbtained from a
crossplot of the data in Figure 9, the local temperature gradient
decreased with increase of the elevation from the base. The rate
of decrease is reduced at greater elevations.

The model height appears to have no effect on point heat
traﬁsfer coefficients. At top distances 3/L inch and greater, the
gradient curves are found to coincide, for both models used, ét

equal elevations from the base, all other conditians being the same.
29



This is shown by the solid-line curve in Figure 12. The model
height does affect the heat transfer from the lower portion of the
model when the top distance is small, as shown in Figure 13.
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SECTION V
DATA CORRELATION

Point Heat Transfer Coefficients

In general we speak of free convection heat transfer as
that heat transferred by virtue of the motion of the fluid and cone
duction combined. As mentioned previously, for purposes of this
study it is found that by sep;arating the pure conduction and i‘ree,
convection a better correlation results .~ This comes about because
the configurations in this study were such that the heated and
cooled walls were brought close to\‘ each other and the conduction of
heat between the walls contributed much more of the heat transfer
than it normally does, and in very close spacings almest all of the
heat transfer is by conduction, as is shown on Figure 10 by the
tangency of the pur.e‘ conduc'bibn temperature gradient to -bhe- total
temperature gradient. MOS't: fi‘ee convection heat transfer work has
been carried out with models in free space or with large distances
between heated and cooled surfaces so that not much information is
available for the purpose of comparison.

For free convection héat transfer data the tools of di-
mensional analysis have been used to develop methods of expression.
From dimensional analysis the following dimensionless groups occur.

1. E};E Reynolds number

35



, .
5. EBOLPp" Grashof number

)12
3. %E Prandtl number
and L. %% Nusselt number.

In the above dimensionless groups the Grashof number is really the
same as the Reynolds number. Grashof number is used to express

the Reynolds nunber in free convection work. The difference be-
tween the two lies in the fact that the velocity is taken care of
in the Grashof number by expressing it in terms'of the'velocity
resulting from the bouyant force, due to change in density in fhe
fluid. | | h

Nusselt expreséed thé.heat transfer by‘fféé_csnveétion'Qy

the equation
"Nu = C Gr® PrP ()

This is the conventlonal ﬁethod for expre551ng free con~ -
vection data and glves good correlation for bodles in free space
for temperature differences above 20°F. w

The Prandtl number is made up of terms that are dependent
on thg temperature of the air and should be constant according to
Reynolds' analogy. Actuzlly there is a small variation as shown in
Table 3 (about 1 pér cent + in the range of temperatures used).
This variation was not considered in the correlation of the pfesent

data and therefore Nusselt's equation could be written as
36 - _



Nu = C! (cr)® | (6)

For pu‘rposesv of this rep_ort 'l':he heat transfer by conduction
is expressed by é Nusselt ﬁunﬂ:er._ It should be noted though that
since there is no motion of the fluid in the case of conduction,
‘these Nusselt numbers should not show a correlation wiii:.h ‘the Grashof
nurber and are used only to add continuity to thel equa£ions used to
express .'bhe‘ data.

Fi'om equation (L)

Qcond ~ "kmS'g; = Beong (Q? (7)

. Muitiplying by X and dividing by ky gives

| ‘oﬁ' = (km/RWS(Q/x) = Nu,onduction (8)

The total.rate of heat transferred per unit area, is

"givgﬁ”by
PR - (&) (9)
;*ﬁultiplyi_né w Q and 'div:gdi'_ng'ioy"_kw. gives
(at/ax)C 3/0) = b Uiy = Noge. ao

Nutof,g.l - Nugondiiction © NYconvection (1)

t

By using the Grashof nuibers for the various test condi-
tions the plot of Nusselt numbers for free convection onl;r/ veréus
Grashof numberl glves a straight 1line on log-log coordinate paper.

\
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This is what one would expect since the Grashof number is the di-
mensionless parameter which is the basis of correlation for most
free convective data. The correlation is good for a particular
distancs between the side of the model and 'l'he slde of the duct but
fails when the experimental data for various wall distances are
superimposed. Not only does the slope of the line threugh the data
vary with wall distance, but the intereept also varies.

By plotting, the wvalues of the intercep'l;s for various wall
distances and by reasoning that the value of the convective Nusselt
nunber must approach zero fOI‘. very small wall distances,; the shape
of the curve of the intercept of x is established. The expression
that best fits this curve is of the form A Tanh Bx where A and B
~ are constants. A is the value o:f.' 'bhe coei'f:.c:x.en-b ahead of the
Grashof number for the case of the model wall in the free space,
i.e.y x very 1arge.‘ Tanh Bx varies from zero to one wi'bhl"‘-.clifferen'b
degrees of rap:.d:l.ty depending on the value of B. For the e.xperi-

‘ mental data presented here 'l:.he expres sion

A Tanh Bx = 0.37 Tanh |36x! R . (12)

best fits the data (Figure 1l).
A plot of the var:x.a:lnon of slope with the wall distance
is given in Figure 15 . The expression that best f£its these data is

given by

t

n = 0.25 O gREEx"-L3 ©(13)
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where the first term is the same as the exponent that is almost uni-
versally used for free convection from bodies in free space with
the same range of Grashof number as has been used for this experi-
mental work. |

This gives ‘then the expression

1.13
: %
Nug one

= 0.37 Tanhgpx0rQ-2> —O-00¥ 2

which is the equation which best expresses the free convection part
of the experimental data.
If we now add in the conduction part of the heat transfer

in terms o_f Nusselt numbers we get

Nu, = (h 9/kw.)» . | - h

= (/i) B/x) + 0037 Tamsﬁﬂrg.zs—-‘C_}f,p‘qqex—lghz)
' 1

By multiplying equation (15) by the thermal condﬁctivity
at the wall temperature and dividing by the distance from the bot'bom.
of the wall to the point at which the heat transfer coefficient is
desired, one obtains that coefficient, h, in Btu per °F per square
foot. If .«Q is_divided -int,o bqth sides of equation (15) and set
equal to zero, the value of the heat transfer coefficient comes out
equal to infinity. Theorletic;é]_‘l.y this should be true but practically
it does not happen. T’herweforeuthe value of ¥ to be used should
probably bet ¥t less than 0.10 inch since the experimental data from
which this equation was obtained went dewn only to valt_les of ,Q in

\
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the vicinity of 0.2 inch. Values of dt/dx for smallér values of
have been checked and it is found that extrapolation much beyond
0.10 inch does not give results that agree with experimentation.

It should be pointed. out that equation (15) is empirical
and 1s sultable for expressing the data that were gathered for this
study. Since it is empirical any extrapolation should be done with

caution.
The effects of all the variables that were encountered in
this study are satisfactorily correlated by equation (15), except
for the effect of the top distance. This end condition was such |
that it was not considered practical to include it in the expres-—
sion for 'bhe hsat transfer. It can, however, be compensated for by
‘ ﬁuftiplg{in;‘, values obtained for the Nusselt number for free con--‘
vection by the values indicated in Figwre 16. Figwre 16 is a chart

for correction due to top distances as a function of wall and top
distances.

| Average Heat Transfers:

The average heat transfer coefficient was found by inte-
grating equation (15) modified to the form of equation (18). Since
the point Nusselt number is:

Na = hQ/'Kw | (16)

where h = point héat transfer coefficient
- aistance from the bottom of the model

Ey = thermal conductivity at temperature by
. L2 v
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the expression is

kn A B ! 2}* ) an
%f: T X + 0.37 tanh36x(§g-§-%) g3 (17)

Dividing both sides by { and multiplying by k,, gives

h = % + Xy (0.37 tanh 36x) (Eﬁgﬁ)n 134-1 (18)
. N/

which is the expression for the point heat transfer coefficient.

Integrating equat:.on (18) from O to L gives
L

L km a4 :
f hd{ = ,‘2 +kw(037 tanh 36x) Eg-ejfj:’n‘l af
0

(19) .-

| 3n R
[ hde = ——-— + Xy (O. 37 tanh 36x) (‘EEQ'E') L "(2'0..) L

Dividing by L gives

2+ S (037 tamh %m)(Gra)®  (21)

Nl

.

il
o\"\H o

B

o

where h.ave‘ = average heat transfer coefficient , Btu/£t2/°F/hr S
Kg = thermal conductivity at model surface B
km = thermal conductivity at méan temperature between "
the model and the duct
x = distanc_:e between model and duct, feet
n = 0.25 < 0.0008(x)"1+H3
= toté,l height of model, feet

n = exXponent on the Grashoef number. :
| Ly v , -



The expression for the Nusselt number based on the average

heat transfer coefficient is therei‘orem

hgye L n ;_'_0.37 tanh 36x
TR TR Rt

Nigyg = Grg" (22)
The solution of equation (21) is given in the form of a
computation chart, Figure 17, where the average heat 'biransfer coef-
ficient can be obtained ‘_wi.thout the necessity of'having to carry
out cumbersome computations or use tables for physical properties.
In using the above method for finding the amoun't_, of heaj:
“transfer from an isothermal surface » the spacing, x, at whi.ch mini-
mum hea.t transfer occurs m:x.ght be of great J.n'berest.. The 1ocz;;‘t_;‘|.on
of- this po:.nt can be found by d:.fferentlatlon, r;.th z".e_s];‘;é.cj.;'to'.x,}‘ "
.‘of_equat:.on (22)' Thls st‘ferentla'blon g:\.ves ST
SN_E‘;E!' nﬁ x2 2_}1%_{3 ech 36x+( 000096x 'hB)ta?h%xCLogBGra ﬂ}
' : '_ " (23)
| _wh:z.ch ca.nnot be sol'ved explicrbly for x. S:ane a -t.rial and error
solu.tn.on :LS necessary, Figure 18 has been prepa.red in order to

: 'i‘acllitate the solution for x at whlch mn.n:l.mwn hea'b 'bransfer occurs .' '

L5






FIGURE 174

AVERAGE HEAT TRANSFER CORFFICIENT
COMFUTATTON CHART +

METEOD FCR USE: _
1, Buter lower gkt Plock ab berperature of hest
L ove horiscntelly o the left to the proper ot surface.,

Yo Cenperature 1 fferenos betusen the hested and o %“’“ina
3, Move vertically to tpe proper 1ine desigmting th ooled surfaces.,
4, Move horizomtally to the 1aft Yo the -1ine d’“gu:ipre's“"'

of the surfacés . . ng the helght
§. Move vertically to the proper 1ine designatin,

the heated end cooled gurfaces. goating the spasing between
8, Yove norizontally to the Eifht o the pro
7. yove vertioally to the 1ine designating t%:rp:zrr“: height.

tne heated surfaces per temperature of
8¢ Move horizontally to the right end read the

soeffiolents " convective heat tranefer
9. Buboer the bleck at the upper righ® hand cor

for the dlstance Tetween the hested and o oo?:; at the proper value
10, Hove vertically %o the average of the tempor“t:‘:rfacea.

and ocooled surfaces. . o o8 of thae heated
11, Read on the left hand ordinate, The heat

to conduotions transfer coefficient due

12. Add results of sbepa 8 and 11 for total he
i at trangfer oo
effiolent,
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SECTION VI
DISCUSSION OF RESULTS

l. Point Heat Transfer Correlation
| The total Nusselt numbers could not be plotted against
the Grashof number and give a correlation that is valid because
the total Nusselt nunber as it is exi:ressed is made up of a con-
vection part4and a conduction part. The conduction part is inde-
pendent of the Grashof number and theréfore must elther be plotted
separately from the convection part or plotted with it for equal
values of elevation from the bottom of the model. This is true -
for small values of x but for larger values the conduction part of
‘the total heat transfer becomes less and less signj.ficant.;
Figu:ﬁe i9 was made up in order to show how well equation
(14), page L1, représents the data taken for this imestigation.
o By inspection of equation (15), page L1, it is seen that
it ap}pliesA for all va.]_.ues of x.~ For large values of x- the conduc-
tion part of the equatib_n reducés to zero and the convectj.on part

takes the familiar form of ¢ Gr” where n is 1/l and ¢ is 0.37,
N, = 0P Gry . (2L)

This value far c 'corr'eslaonds to that which we would obtain for a
very large value of x or for a vertical surface on a base plate.
This value of ¢ is in general greater than those values that are

published by othér investigatars for free plates. It should be
L8 | -
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rémembered that these are point values of the Nusselt number and
very few results are published, since most free convection data

have been obtained as average values.

For point values of the Nusselt number Schmidt and Beck-

i

(6) obtained the equat.ion
Nug = 0.36 Grl/b (25)

for a verticé.l free surface. The method of collecting data was by
rrobing with a thermocouple;

Average Heat Transfer

Most investigations have been carried out by evaluating
the average heat transfer coefficient on a free vertical surface.
By integrating equation (18), page LL, for large values of x we
cbtain equatioh (24). A1l the investigations in the paé*q have cb-
tained the value EL/h for the exponent on the Grashof nu:rtn;ar. There
ish:uniform agreement as to the constant aheaci of the Grashof number,
however. In the table below are given some of the values of ¢ that

have been published ,aidng with the values obtained in this studye.

. TABLE 2

Value of ¢ for this irrves‘bigation_ 0.h9kh
Schmidt and Beckman(5) 0.148
King(5) : 0.507
TLorenz(5) 0.50L

/
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As pointed o;':.t. in the references, the equation that King
presénts was determined by including the experimental data of a .
number of investiga'bions. The equation presenfed by Lorenz was de-
termined analytically. In all the equations except the one pre-
sented for th:.s report and ‘the Schmidt and Beckman equation the
Prandtl number (cM'k) was raised to the 1/k power and mul'blplied by
the Grashof number. In the range of temperatures used in this study
the Prandtl 'number varied only from 0.71 to 0.67. A constant value
of 0.70 was uaed én the equatlonfmentioned in order to get the con- -
stants corresponding to those of this study and Schmidt and Beckman.
Jakob(h) correlated the data. of Mull and R:Lcher(h) for
the average heat transfer between parallel surfaces spaced down. to
0.5 inch apart.  This correlation was made by using data which
were 't.aken on surfaces from 30 to 960 square inches a.nd consn.sted
of only 25 experlmezrbal poin*bs. Also the smallest spac:n.ng of the
su'rfaces was only 0.5 inch. The comparison of the results from
this study for the large 'values of Gr, which Jakocb computed by using
x instead of L, is good but far' the small values of Gry the results

obtained in this study are higher. Jagob's expression for the heat

transfer is |
me/k = 0.18 (el (1/x) /b (26)

When, for-a particular set of conditions , values of Nus-
selt number are pl’o*bted versus side distance, x, the value for the
Nusselt nmumber in the case of a i‘ree vertical surface as found from

an equation using King's value of \the coefficient should be the
51
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asymptote for the Nuésel‘b number curve for a confined suwrface at
large values of X This :Ls shown in Figure 20.

Tt should be pointed out that the integrated equation is
'such that it gives values of Nu. that go to infinity and then nega-
tive for values of x approaching 0.215 inch from abovg and therefore
shou'ld' be ]j.mifed to values of not less than 0.3 inchffor X. At
this point the error involved is leés than 6 per cent for the sma.ilest

vallues of Lvshown in Figure 17. This error is on the conservative

side and decreases rapidly as x gets smaller.
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APPENDIX I

THE USE (FF THE INTERFEROMETER FOR FREE
CONVECTION HEAT TRANSFER STUDIES



Figure 21 shows a..‘diagzj'a:n of a Zehnder-Mach interferometer.
Light from the mercury lamp A passes through the comiensing lenses
B and a 5461 Angstrom filter c , converging on the illuminating mir-
" ror D. The illuminating mirror is located at the focal point of
the parabolic mirror E which colunnates the light. This light is
then split into two bundles by the half-silvered mirror ¥F. One
bundle is reflected by the mirror G and the other by the mirror H.
The bundles then rejoin at the half-silvered mirror I and are pro-
jected on the ground glass K from the— épherica.l mn.rzjor de

When the light in both bundles traverses identical optical
paths, and when the mirrors F, G, H and I are all exactly parallel
to each other, fhe f£ield on the ground glass is either uniformly
light or dark, depending on whether or not the path length FGI
varies from the path length FHI by an odd or even number of half
wave lengths. When a uniformly light field is obtained the inter-
ferometer is said to be adjusted for "zero-fringe!. If the mirrors
are not exactly parallel, a series of'pa:ca.llel interference fringes
can be observed on the ground glass. The spacing and orientation
of the fringes may be va:ried b_'y' rotation of mirror G .aboqi;i'-?.its
horizontal and/ or Vert:.ca.l axis. - _ |

In F::.gure 22 y & fringe pattern ob't.ained w::.'bh non—pa.rallel
mirrors for a f£ield of u:rliform temperature is shown. -_The object in
the center is a prism which ha's'appreciable length parallel to the .
Z_Ligh'l:.- pati‘x. Similarly, the four enclos:.ng sur.ﬂaces are oi‘ the same

lengths. All surfaces are at the same t.anperature as the air in- '

57
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side the space be'bwee_n' the prism and the swrounding vertical and

horizontal walls. The assembly is located in portion FHI indicated
in Figure 21.

The fringe pattern shown in Figure 22 1s transformed %o
that in Figure 23 when the center prism is heated and the air acts
as cofxveétive medium transmitting heat from the prisni to the suwr-
rounding walls. Then, a temperature gradient exists between the
prism, across the air space and to the walls. The distortion of
the fringes- is cansed by the change of the refractive imdex of the
air by virtue of its temperature c‘ha.ngé.

The index of refraction is given by the expression

= XA | (27)
where Ao = wave length of the light in a vacuum
“A ‘= wave length in air at any density.

The number of wave lengths in the length M of the light beam passing

parallel, equal and adjacent to the prism is

Y = M4 (28)

The number of wave lengths in the same length of the air between

mirrors FG which does not undergo a temperature change is

Nr = ¥ Ar ‘ (29) .
‘The difference in the number of wave lengths then is

E€=Yr-Y¥ = Mclflr - 1/7\-)1" M/ o (Qr ""\) (30)
59 | i



" FIGUEB 22,

INTERFEROGRAM WITH PARALLEL
FRINGES WITH NO TEMPERATURE
DIFFERENCE BETWEEN HEATED
AND COOLED SURFACES, -

60

FIGURE 23,

INTERFEROGRAM SHOWING THE

DISTORTION OF FRINGES,

INITIALLY PARALLEL, WHEN

A 50 °F TEMPRRATURE :
DIFFERENCE EXISTS BEFWEEN

HEATED AND COOLED SURFACES,




This difference in the'nnmber of wave lengths can be determined from
| an interferogfam sich as that shown iﬁ Figwe 23. It is the nuﬁber
of interference fringes between the point where the refraction coef-
ficients are Y] » and Y\, respectively, counted when paésing on the
interferogram parallel to the direction of the original undisplaced
fringés. * : '

Lorenz and Lorentz(2) give as the relation between ‘l. and

the specific'wéight'%', the expression

. | | .
'r-\\-.g—}-:zl' /g = G (31)

 Assuming that for air Y} is nearly unity and simplifying we obtain

n{‘—l - o, | | (32)

As a reference vdlue for air at Q°G and ‘29.2 inches of mercury
T = 1.000293) and"A\, = 546l angstroms = 2.15 x 107> inches.

This gives for Co the va;ue 0.003625 cubic feet per pound. Combining
equations (30) and (32) we obtain |
e % = €42 | (33)
"Ao and M being expmesséd in the ssa.me‘_ units. From the ga‘ts..laws
T MRS E - (3)
where T = absoiute temperature, QRéhkiﬁe

= atmospheric ﬁressure, pounds per square.foot

R = gas constant, foot pounds per pound per SRankine
61
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Y = specific weight, pounds per sgudmes foot.
By substituting ¥ from equation (33) in equation (34) the £ollowing
exprression for the absolute tempera‘bufe at any location in the in-

terferogrsm n.den'bif:.ed by & fringes counted from the reference point
corresponding to Tp :l.s

- RGO SEED - nC-EED (9

Therefore, expanding the denominator

AT = T =T, = ¢ 2-‘% }—‘l% %%% * oeee (36)
Equation (36) may be used to compute any temperature fa.elds from an
interferogram and the locat;on of known reference tempera.tur’es . It
:Ls valid for‘f inding the temperature at a poin'l; in the field, whether
the fringes are originally horizontal or a “zero—fr:.nge" is used.

In the case o;f.‘ horizontal fringes, the number of fringes from the
reference point is count.ed, as the fringes are numbered, in the man-
ner shown in Figure 2l. - In the case of the Mzero-fringet; as |
rei‘erenee conditions, the frinées are counted and mmbered as shown
in Figure 25,

It is- noteworthy' that in the preced:l.ng development of the
basic relatio nships used for the interpretat:r.on of interferograms
the determination of temper atures in the field is dependent on the
. d;.fference in the 'riumner of wave lengths along two parallel light
| paths. The tempei'a'bure distribution along the light path is not
taken into account but rs..'bher is integrated by -means of the inter—

ferogram. Consequently, only two-dimensional temperature filelds
, 62
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 EEFYEINCE CONDITIONS

' g,’ ;
' E; i{3 2 i1 0
B
) . j
: oo Riod /A
FIGURE 2L ] FIGURE 25 \
METHOD OF COUNTING | METHOD OF COUNTING
FOR FRINGES INITIALLY FCR "ZERO FRINGE® AT
HCORIZONTAL REFERENCE CONDITIONS

-

can be exploréd conveniently sincé the length M of the temperature
variation is essentially interpreted in terms of an abrupt change.
Some experiments and methods for three-dimensional fields with an
axis of rév:diu'bion normal to the light bundle have, ‘however, been
carried out.(3) o _ i

The Zehnder~Mich interferometer has a mmber of distinct
advantdges as an experiinen@ aid, as an entire temperature field
may be recorded insta,m;_anéously on one negative., Its Cwpado is
only Tantedely 'bhe size of the mirrors. Large quantities of data
can be obtained quickly since the time required is bﬁiqp'ézinivbén by

the time required to make setting_s and éstabﬁéh the required ther-—

[
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1

mal conditions. BSince radiation effects are not recorded, no core
recticns are necessary and the free convection phenomena are iso-

lated.
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APPENDIX II

RESULTS OF PROBING IN THE TEMPERATURE
 FIEID ARQUND THE PROTOTYPE MODEL
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PROPERTIES OF AIR
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TABLE 3

Deg F c p ¥ n K Eﬁg
Btu 1b ib Btu
1b-deg F £43 Tt-hr hr-ft—-deg F

o) , 0.239 0.0862 0.04O 0.0132 0.72
20 0.240 0.0826 0.0L41 0.0138 071
o - 0.2L0 0.0793 0.043 . 0.0143 0.71
60 0.240 0.0763 0.04),; 0.0148 0.7TL
80 " 0.2140 0.0734  0.0L5 0.0153 0.70
100 0.210 0.0708 0.046 0.0158 0.70
120 0.2L0 0.068k , 0.047 0.,0162 0.70
140 0.240 0.0661 0.049 0.0168 0.70
160 0.2h1 0.0640 0.050 0s0L72 0.70
180 0.2l 0.0620 0.051 0.0177 0.69
200 0.2L41 0.0601 0.052 0.0182 0.69
250 0.2}2 0.0559 0,055 0.0192 0.68
300 0.2112 0.0522 0,058 0.0204 0.68
350 0.243 0.0L490 0,060 0.0216 0.68
Loo 0.2L45 0.0461 0,062 0.0227 0.67
50 0.246 0.0L36 0.065 0.0239 0.67
500 0.247 0.0413 0.067 0.0250 0.66
600 0.250 0.037L 0.072 0.0271 0.66
700 0.253 0.0342 0.076 0.0291 0.66
800 0.257 0.0315 0.081 0.0312 0.66

* o0 is for 29.92 in Hg pressure.
Sources of Data:s _f; {

c, p and k - Gas Tables by Keenan and Kagre
p computed from simple gas law.
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APPENDIX IV

VARTATION OF TEMPERATURE GRADIENT WITH DISTANCE
BETWEEN MODEL AND DUCT FOR VARIQUS DISTANCES
FROM BOTTOM OF MODEL FOR ALL TEST CONDITIONS

COVERED IN THIS INVESTIGATION
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APPENDIX V
TABLE OF TEMPERATURE GRADTENTS OBTAINED FROM

FATRED CURVES IN APPENDIX IV WITH CORRESPONDING
POINT NUSSELT NUMBERS AND GRASHOF NUMBERS

o1



| 'TABIE L
L' = 4.0 inches '
d = 1.86 inches

» - £ & T, -dt/ax Nugp Gr

0.15  0.083 50 588 4250 2.830 . 2.60 x 103
74 - 610 6000 2.700 3.17 x 10°

94 638 7250 2.568 3,39 x 10°.

0.0917 50 588 4000 - 7,336 5.42 x 10%

74 610 5630 6.977 6.60 x 10%

94 638 6850 6.682 7.05 = 10%

0.1667 50 588 4000 13.340 3.26 x 10°

74 610 5780 13.021 3.96 x 10°

94 638 7000 12.44 4.24 x 10°

0.2417 50 588 3960 19.143 9.93 x 102

74 610 5780 12.879 1.21 x 102

94 638 6800 17.485 1.29 x 10

0. 3167 50 588 4050 25.653 2.82 x 10°

74 610 5350  22.522 Boddo X 102 ,.
94 638 6530 22.000 = 3.68 x 10%”

0.20 0.033 50 588 3210 2.134 2,60 x 109
L 74 610 5140 2,313 3.17 x 10°
94 638 6690 2.370 3.59 x 10°

0.0917 50 588 = 3180 5.832  5.42 x 10%

74 610 4740 5.874 6.60 x 10%

94 638 5970 5.824 7.05 x 10%

0.1667 50 588 3170 10.569 3.26 x 10°

74 610 - 4680 10.543 3.96 x 109

94 638 5830 10.339 4.24 x 10°

0.2417 0 588 3110 15.034  9.95 x 102

74 610 4780 15.612.  1.21 x 109

94 638 5620 14.451 1.29 x 10

0.3167 50 588 3120 19.762 2.82 x 106

| 74 610 4350 18.312 3.44 x 100

5,68 x 106

94 638 5500 18.330

92



. L = 4.0 inches
a = 1.86 inches

Table Li, continued

e

I

e ——

—at/dx

x ﬂ & Tor Nup Gr

0.30 ' 0.033 50 588 2920 1.945  2.60 x 109
74 610 5210 2.344 5,17 x 10°
94 - 638 6400 2.267  3.39 x 10°
0.0917 50 588 - 2600 4,768  5.42 x 10%
_ 74 610 4040 5,006 6.60 x 104
94 638 . 5370 5.239 ?.05 x 10%

0.1667 50 588 2470 8.235 3.26 x 10°
74 610 3780 8.515 3.96 x 10°

94 638 4990 8.849 4.24 x 10°
0.2417 50 588 2300 11,118  9.93 x 10°
74 610 ' 3700 12.085  1.21 x 10°
94 638 4650 11.956  1.29 x 106

0.3167 50 588 2310 14.632 2482 x 102
74 610 3520 14.818 9 B.44 x :Lo6

o4 638 4430 14.925 3,68 x 10
0.50 0.033 50 588 3450 2,208  2.60 x 10°
74 610 5700 2.565 3,17 x 100

94 638 7050 2.497  3.39 x 10°
" 0.0917 50 588 2680 4.915 5.42 x 10*
74, 610 4130 5.118 6.60 x 10%
94 638 5500 5.365 7.05 x 10%

0.1667 50 588 - 2250 7.502  3.26 x 109
74 610 3390 7,637 3.96 x 109
94 638 4870 8.636  4.24 x 10°
0.2417. 50 588 2020 9.765  9.95 x 105
74 610 3130 10,225 1.2 x 10P

M . 638 4400 11.314  1.29 x 10
0.3167 - 50 588 2020 12.795  2.82 x 106
: 74 610 3050 12.840  3.44 x 100
94 638 13.914  3.68 % 100

23

4130



= 4.0 3inches
= 1.86 inches

Table L, continued

!

e ————
R —————

x' £ Ty ~at/dx Nugp Gr
0.7 0.033 50 588 3500 2,331  2.60 x 10°
74 610 5800 2.610  3.17 x 10°
94 638 7250 2.568 3.39 x 109
0.0917 50 588 2820 - 5.172 5.42 x 104
74 610 4350 5.390  6.60 x 104
94 638 5700 '5.561L  7.05 x 10%
0.1667 50 588 2270 7.568  3.26 x 105
74 610 3500 7.884  3.96 x 10°
94 538 4940 8.761 4,24 x 1
0.2417 50 588 2130 10.296  9.93 x 105
74 610 3120 10,190  1.21 x 10%
94 638 4500 11.571 1.29 x 106
0.3167 50 588 2160 13.681  2.82 x 10°
74 610 | 5120 13.134 °  B.44 x 106
o4 638 4400 14.824  3.68 x 106
1.0 0.033 50 588 3500 2.33L 2,60 x 10°
74 610 - 5800 2.610 3.17 x 109
94 638 7250 2,568 3.39 x 10°
0.0917 50 588 2820 5.172  5.42 x 10%
74 610 4380 5.428  6.60 x 10
94 638 5700 5.561  7.05 x 10%
0.1667 50 588 2270 7.568  3.26 x 105
74 610 3650 8.222  3.96 x 10°
94 638 4940 8.761  4.24 x.10° |
0.2417 50 588 2180 10.538  9.93 x 105
74 610 3140 10.256 - 1.21 x 106
94 638 4500 1157 - 1.29 x 100
0.3167 50 s88 2180.  13.808  2.82 x 10°
o 74 610 3130 13.176 3.44 x .;Log
94 638 4400 3.68 x 10

ok

14,824



| : Table L, continued
‘L' = 4.0 ‘inches :

~ d = 0.8 inch
r ' . - . Vl . "
x i 6 T, b/ Nup, Gr
0.15  0.0333 . 48,8 . . 587.3 ° 4050 2.764  2.55 x 109
’ : B 74 617 | 5750 2.588 3,19 x 109
100.5 640.6 7660 2.538 __ 5.58'x 10
112,5 659.5 10250 3,034 . 3.53 x 109
0.0917 48.8  887.3 4050 7.610  5.33 x 10¢
_ 74 617 5850 7249 6.69 x 10%
100.5 640.6 8100 7.391 7.48 x 10%
0.1667 48.8 587.3 3920 13.391 3.18 x 109
74 617 . 5620 12.660 3.99 x
112.5 659.5 8750  12.966 4.4 x X

0.2417 48.8 5873 3700  18.326 974 x 1o§
- 74 617 6330  18.366 = 1.22 x 10;
112.5 659.5 8900  19.121 1.35 x 10°

0.3167 48.8 58743 3700  26.012 2.19 x 10%
74 617 . 5620  24.052 2.74 x 10%

100.5 640.6 7200  22.689 3,07 x 10°

112.5 659.5 8350  23.506 = 3,03 x 106

0.20 0.0333 48.8 587.5 3330 2,272 2,55 x 10°
74 617 4620 2.079 .3.19 x 10°

10045 640.6 6710 2,223 3,58 x 109

112.5 659.5 8480 2.510 3,53 x 109

0.0917 48.8 587.3 3230 6.069 = 5.33 x 10%

74 617 4400 5.452 6.69 x 10%

100.5 . 640.6 6520 5.949 -7,48 x 10%

0.1667 48.8  587.3 3050  10.419 5.1 x 10°
S 74 617 . . 4320 9.732 © 3,99 x 10°
100.5 . 640.6 6420 .. 10.649 4.47 x 10°

112.5 . 659.5 7170  10.624 4.4l x 10°

0.2417  48.8  587.3. 2000  14.363 ©  9.74 x 109
o wa 617 4410 .14.404  1.22'x 106
100.5 ° 640.6 - . 6210  14.935 | 1.37 x 102

112.5 656.5. . 7250 = 15.558 - 1,85 x 106 -

" 0.3167  -48.8  587.5 2810 18,236 . 2.19 x 102
R 74 . 617 . 4050  17.3%2. . '2.74 x 10
100s5.  640.6  -.5780 = 18,214 3,07 x 100
1125 - 659.5 ; 6660  18.749  3.03 x 100
| 9



l
L = 4.0 inches

Table li, continued

d = 0.8 inch
x' p | e T, o -at/ax Ny ar
0.30 - 0.0333 48.8  587.3 . 2990  2.040  2.55 x 103
- 74 617 4400 1.980 3.19 x 10°
100.5 640.6 6120 © 2,028  3.58 x 10°
| 112.5 659.5 7250 2.346 ' 3.53 x 10°
0.0917 48.8  s587.3 2560  4.810  5.35 x 10%
74 617 3460 4,287 6.69 x 10%
’ 100.5 640.6 5290 4.827 7.48 x 104
112.5 659.5 6600 . 5.380 7.93 x 104
0.1667 48.8 587,53 2250  7.686  3.18'x 100
74 617 “3450  7.772 3.99 x 102
100.5 640.6 5120 £.493 4.47 x 107
112.5 659.5 6100 9.059. 4.41 x 10
0.2417 48.8 587.3 2240  11.094 9.74 x 107
74 617 340  11.138 1.22 x 108
100.5 640.6 4860  11.688 1.37 x 10©
112.5 59, 5880 12,633 - 1.35 x 10
0.3167 48.8 587.5 2120  13.758 2.19 x 10°
74 €17 3200  13.695 2,74 x 106
100.5 640.6 4620  14.559 3,07 x 106
112.5 659.5 5470  15.399 3,03 x 105
0.50 0.0333 48.8 587.5 3560 2.433 2.55 x 10°
: 74 617 5000 2.253 3.19 x
100.5 - 640.6 7600 2.517 3,58 x 109
112.5 659.5 8650 2.563 3.53 x 10°
0.0917 48,8 5875 2450 4,600 5.%3 x 104
74 617 3750 4.690 6.69 x 10
100.5 640.6 5870 5.350 7.48 x 10
112.5 = 659.5 - 7300 5,950 7.93 x 10
0.1667 48.8 587.3 2150 7.330 = 3.18 x 10°
. ' 74 - 617 3300 7.430 3.99 x 109
112.5 659.5 5890 8.917 4,41 x 109
0.2417 48.8 587.3 1900 9.400 . 9.74 x 102
74 617 = 2750 8.992  1.22 x 10,
100.5 640.6 4450  10.708 1.87 x 107
112.5 659.5 5240  11.483 -1.35 x 10°,
0.3167 8.8 587.5 1900  1L.017  2.19 x 105
' 74 617 2550  10.925 2.74 x 10;°
10045 640.6 4050  12.578 3.07 x 10,
659.5 4750 13.683 3.03 x 10°

112.5
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0 Table kL, continued
L = 4.0 inches

d = 0.8 inch
x! £ = T, | -jdt/dx " Nug Gr
0.75 0.0333 48:8 . 587.3 3860  2.633 2.55 x 10°
: 74 - 617 - 5590 "2.517 . . 3.19 x 109
100.5 640.6 8000 2.650 3.58 x 109
112.5 65945 9750.  2.892 . 3.53 x 109
0.0917 48.8  587.3 2850  5.350  5.33 x 10%
74 617 . 4230 5.242 6.69 x 10%
100.5 640.6 6070 5.533 7.48 x 10%
112.5 659.5 7880  6.417  7.95 x 10%
0.1667  48.8 5873 2420 8.267 3.18 x 102
74 617 . 3750  8.450 3.99 x 102
100.5 640.6 5280 8.750 4.47 x 105
0.2417 48.8 58725 2110  10.442 9.74 x 102
74 617 3160  10.317 1.22 x 109
100.5 640.6 4700  11.308 1.37 x 100
112.5 659.5 5480  12.033 1.35 x 10
0.3167 48.8 587.3 1970  12.792 2.19 x 102
74 617 2700 11.558 2.74 x 106
100,5 640.6 4130  13.017 .07 x 107
112.5 659.5 5180  14.883 3.03 x 10
1.0 0.033%  48.8 587.3 3900 2.667 2.55 x 10°
. 74 617 5350 2.408 3.19 x 10°
100.5 640.6 8050 2.667 3.58 x 10°
12,5 659.5 9950 2.958 3,53 x 10°
0.0917 48.8 587.3 2980 5.600 5.33 x 10%
' 74 617 4350 5.392 6.69 x 10%
100.5 640.6 6100 5.567 7.48 x 10%
112.5 659.5 8000 6.517 7.93 x 10%
0.1667 48.8  587.3 2500 8.533 3,18 x 10°
74 617 3750 8. 450 3.99 x 10°
100.5 640.6 5240 8.767 4,47 x 109
112.5 659.5 6200 9.217 4.41 x 10°
 0.2417  48.8 . 587.3 2210  10.950 9.74 x 103
. 74 . 617 3350  10.950 1.22 .x 10
100.5 640.6 4900  11.792 1.37 x 102
112.5 659.5 5500  11.892 1.35 x 10
0.3167  48.8 587.3 2100  13.617 2.19 x 102
- 74 617 3050  13.050 2.74 x 107
100.5 640.6 4770  15.042 3.07 x 107
112,5 659.5 5250 14.883 3.03 x 10
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Table li, continued

L'= 4
d = 0.375 inch
x .Q > T ~dt/ax gu,n Gr
0.15 0.0333 48 587.5 3850  .2.671 2.33 % 10°
73 620 5750 2.623 3.00 x 105
103 648 8250  2.667 3.40 x 10°
0.0917 48 587.5. 3920  7.489  4.85 x 102
73 620 5620 7.060 6.24 x 10 1
103 . 648 7450 6.633 7.06 x 10
0.1667 48 587.5 3550  12.328 2 2.92 x 100
73 620 5670  12.720 3,75 x 10°
103, 648 50  12.543 4.25 x 10°
0.2417 a8 587.5 3250  16.365 8.90 x 102 '
73 620 5750  19.038 1.14 x 100
103 648 8360  19.618 1.30 x 10
' 0.3167 48 587.5 3950  26.062 2.52 x 102
73 620 5670  24.598 3.25 x 107
103 648 7620  23.429 5,68 x 10
0.20 0.0333 48 587.5 3050 2,116 2.33 x 10°
73 620 5000 2.381 3,00 x 10°
103 648 6580  2.127 3.40 x 10°
. 0.0917 48 587.5 2920 5.578 4.85 x 10%
B 73 620 4600 5.779 6.24 x 10%
103 648 6420 5.716 7.06 x 10%
0.1667 48 587.5 2350  8.161  2.92 x 10°
75 620 3480 7.947  3.75 x 10°
103 648 5140 8.319  4.25 x 10°
0.2417 48  587.,5. . 2000 10.071  8.90 x 10°
73 620 2940 9.734 1.34 x .wg
103 648 4810  11.250 1.30 x 10
0.3167 48 587.5 1290 8.511 2.52 x 100
. 73 620 2030 8.807 . 3.25 x 100
103 648 2920 . - 8.978  3.68 x 106
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L'= 4.0

inches

d = 0.375 inch

Table L4, continued

‘ . ~ ,
x A R T, -dt/ax Nu, Gr
0.20 0.0333 48 587.5 2720 1.887 2.33 x 102
73 620 4370 1.993 5.00 x 10°
| 103 648 5360  1.733 5.40 x 10°
0.0917 48 587.5 2320 | 4,452 4.85 x 102
73 620 3680 4.623 6.24 x 10
103 642 5250 4,674 7.06 x 10%
0.1667 48 587.5 2190 7.606 2.92 x 10°
73 620 3400 7.764 3.75 x 10°
103 648 4820 7801 4425 x 10°
0.2417 48 587.5 2080 10.474 8.90 x 10°
73 620 5120  10.330 1.14 x 10°
103 648 4450  10.442 1.30 x 10°
0.3167 48 587.5 2010 13.262.  2.52 x 102
73 620 3020 13.102 3.25 x 106‘
. 103 648 4030 12,391 3.68 x 10
0.50 0.0333 48 58745 3260 2.261 2.33 x 10°
. 73 620 5460 2.491 3.00 x 10°
103 648 7440 2,405 3,40 x 10°
0.0917 48 587.5 2330 4.451 4.85 x 10%
7% 620 3460 4.372 6024 x 10%
103 648 5610 4.995 7.06 x 10%
0.1667 48 58745 2050 7.119 2.92 x 10°
73 §20 3240 7.399 - 3.75 x 10°
103 648 4920 7963 4.25 x 109
0.2417 48 58745 1800 9.064 8.90 x 10°
73 620 2610 8,641 1.14 x 208
103 648 4120 9.668 1.30 x 10°
0.3167 48 58745 1270 84379 2.52 x 102
73 620 1920 8.330 3425 x 107
103 648 2990 G193 3.68 x 10
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!
L = 4.0 inches
d = 0,375 inch

Table L1, continued

'l
x ﬂ 3] T -dt/dx. Nup Gr .
0.75 0.0333 48 587.5 3550 2,463 2,33 x 10°
73 620 5530 2.523 3.00 x 10°
103 648 7950 2.570 3.40 x 10°
0.0917 48 587.5 2640 5.043 4.85 x 10%
73 620 3950 4.962 6.24 x 10%
103 648 6700 5.965 7.06 x 10%
0.1667 48 58745 2350 8.161 2.92 x.10°
73 620 3480 7.947 3,75 x 10°
103 648 5140  8.319 4.25 x 10°
0.2417 48 5875 2000  10.071 8.90 x 10°
73 620 2040 = 9.734 1.14 x 106
103 648 4810  11.250 1.30 x 10°
0.3167 48 587.5 1290 8.511 2,52 x 102
73 620" 2030 8.807 3.25 x 10
103 648 2920 8,978 3.68 x 10°
1.0 ' 0.0333 48 587.5 3570 2,477 2.33 x 10
73 620 5530 2.523 3.00 x 10°
103 648 7950 2,570 3.40 x
0.0917 48 587.5 2650 5.063 4.85 x 10%
23 620 4030 5.062 6.24 x 10%
105 648 6980 6.214. 7.06 x 104
0.1667 48 587.5 2400  8.335 2.92 x 10°
73 620 3530 8.061 3.75 x 10°
103 648 5175 8.375 4.25 x 1
0.2417 48 587.5 2100  10.574 8.90 x 102
73 620 3000 ° 9.933 1.14 x 106
103 648 5040 - 11.827 1.30 x 10
0.3167 48 587.5 1400  9.635  2.52 x 102
73 620 2290 9.935 3.25 x 10
103 648 3640  11.192 3,68 x 106
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Table L, continued

L =4 inches
da =0 inch
‘ ——
x .2 (] Ty dt/dx Nugp Gr

0.15 0.033 51 593 4150 2.710 2.690 x 10°
77 619 6000 2.595 3.150 x 103

' 108 652.5 - - 3,510 x 10
- 0.0917 51 593 3930 7.066 5.600 x 10%
77 619 5820 6.931 6.550 x 104

108 652,5 8070 6.852 7.300 x 10

0.1667 51 593 4000 13.074 3.360 x 109

77 619 5850 12.659 5.940 x 109

108 65245 9500  14.663 4.390 x 10°
0.2417 51 593 4180  19.810  1.025 x 106
77 619 5900  18.520 1.202 x 106
108 652.5 8050 18,016 1.340 x 106
0.3167 51 593 4260 24,454 2.910 x 102>
77 619 6270  25.788 3.420 x 102

108 652.5 gov70 23.664 3.800 x 10

0.20 0.033 51 593 3470 2.266 2.690 x 109
77 619 4850 2.097 3.150 x 105

108 6525 2820 2,411 3.510 x 109
0.0917 51 593 3170 5.700 5.600 x 10%
77 619 4650 5.5%8 6.550 x 1oi

108 652.5 6850 5.816 7.300 x 10

0.1667 51 593 %120  10.198  3.360 x 10°

77 619 4620 9.998 3.940 x 1og

108 65245 - 6600 10.187 4.390 x 10
0.2417 51 593 3110 14,739 1.025 x 106
77 619 4500  14.125 1.202 x 102

- 108 65245 6360  14.234 1.340 x 10
0.3167 51 593 3200  19.871 2.910 x 102
77 619 4860 19,989 B¢420 x 106

108 65245 6400  18.767 -  3.800 x 10
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“Table Li, continued

L' =4,0 inches
d = 0.125 inch
x ) L e T ~dt/ax N Gr
: w | Uq

0.30  0.033 51 593 %120 2,037 2,690 x 10°
77 619 4420 @ 1.911 3.150 x 10°

108 652,5 6570 2.026 3.510 x 10°
0.0917 51 593 2060  3.704 5.600 x 10%
77 619 3790 4,514 6.550 x 10%
. 108 65245 5370 4.560 7,300 x 10%

0.1667 51 59% 2420 7.910 3.360 x 10°

77 619 3520 7.617 3.940 x 10°

108 652.5 5120 7.903 4.390 x 1

0.2417 51 593 2130  10.094  1.025 x 102
77 619 3180 9.982 1.202 x 10 3

108 65245 4570  10.228 1.340 x 10
0.3167 51 593 1860  11.550 2.910 x 10°
77 619 2900  11.927 5.420 x 102

.108 652.5 4110  12.052  3.800 x 10
0.50 0. 053 51 593 5490 2.279 2.690 x 10°
77 619 5420 2.344 3.150 x 10°
108 | 652.5 8330 2.568 3,510 x 109
0.0917 51 593 2610 4.693 5.600 x 10%
77 619 3910 4.656 6.550 x 10%
108 652.5 6150 5,222 7.300 x 10%

0.1667 51 593 2280 7.452 3.360 x 10°

77 £19 3120 6.752 3,940 x 10°

108 65245 5030 7.764 4,390 x 10°
0.2417 51 593 1830 8.673 1.025 x 102

77 619 3520  11.049 1.202 % 10
108 652.5 3930 8.795 1.340 % 10°
0.3167 51 593 900 5.589  2.910 x 10°
77 619 1360 5.594 5.420 x 10°
108 652.5 2000 5.865 3.800 x 10°
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Table li, continued

L = 4.0 inches
d = 0.125 inch
x' i e T, -dbt/dx  Nug Gr
0.75 .0.033 51 595 3710 2,422 2.690 x 10°
77 619 5680 2.456 3.150 x 102
' 108 65245 8560 2.639 3.510 x 10
0.917 51 593 2900 5,214  5.600 x 10%
7Y 619 4170 4,966 6.550 x 10%
108 652.5 6920  5.876 7,300 x 10%
0.1667 51 59% - 2280 7.452 3.360 x 10°
77 619 3470 7.509 3.940 x 10°
108 65245 5630 8,690 4.390 x 10°
0.2417 51 593 2000 9.478 1,025 x 10°
77 619 2790 8.758 1,202 x 3.0?>
| 108 65245 4510  10.093 1.340 x 10
0.3167 51 593 1090  6.769  2.910 x 10°
77 619 1250 5.141 5,420 x 10°
108 652.5 1950 5.718 3.800 x 10°
1.0 0.033 51 595 3710 2.422 2.690 x 10°
77 619 5680 2.456 3,150 x 10
108 652.5 8550 2.636 %.510 x 10
0.0917 51 593 2900 5.214 5.600 x 102
77 619 4210  5.014 6.550 x 10
108 652.5 7000 5,943 7.300 x 10%
0.1667 51, 59% 2280 7.452 3.360 x 102
77 619 3500 7574 3.940 x 10
108 652.5 5600 8.644 4,390 x 10°
0.2417 51 ° 593 2000 9.478 1.025 x 102
‘ 77 619 © 2920 9.166 1.202 x 102
108 652.5 4910 10.989 1.340 x 10
0.3167 51" 593 1130 7,017 2.910 x 10°
77 619 1250 5,141 3,420 x 10°
108 652.5 2250 6.598 3.800 x 106
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Table L, continued

L= 2.0 inches
d = 1.8 inches

x ! ﬂ =) T, -dt/dax Nugp Gy
0.15 0.0167 108 653 7600 1.170 4.500 x 1o§
0.0500 108 653 7600 3,520 7.210 x 104
0.0833 108 = 653 7600 5.860 5.560 x :Lo5
0.1167 108 653 7600 7.650 1.528 x 10
0.1500 108 653 7600  10.550 3.240 x 10°
0.20 0.0167 108 65% 6900 1.060 4.500 x 102
0.0500 108 653 6250 2.890 7.210 x 10°
0.0833 108 653 6250 4,820 5.560 x 10%
0.1167 108 653 6250 6.300 1.523 x 10°
0.1500 108 653 6250 8.680 3,240 x 10°
0.30 0.0167 108 653 7700 1.181 4.500 x 107
0. 0500 108 653 5650 2.620 7.210 x 10°
0.0833 108 653 5080 3.920 5.560 x 10%
0.11.67 108 653 5080 5.120 1.528 x 10°
0.1500 108 653 5250 7 «300 3,240 x 10°
0.50 0. 0167 108 65% 9100 1,400 4.500 x 1o§
0.0500 108 653 6720 3.115 7.210 x 10
0.0833 108 653 5650 4.360 5.560 x 10%
0.1167 108 653 5130 5.170 1.528 x 102
0.1500 108 65% 4970 6900 5.240 x 10°
0.75 0.0167 108 - 653 9530 1,463 4.500 x 1o§
0.0500 108 - 653 6910 3., 200 7.210 x 107
0.0833 108 653 5980 4.610 5.560 x 10;
0.1167 108 653 5400 5.440 1.528 x 105
0.1500 108 653 5230 7.260 3.240 x 10
1.0 0.0167 108 65% 9530 1,463 £.500 x 10°
0.0500 . 108 653 6910 3. 200 7.210 x 10°
- 0.0833 108 653 5980 4.610 5.560 x 10%
'0.1167 108 653 5400 5.440 1.528 x 10°
0.1500 108 653 5240 7.270 3.240 x 10°
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Ll= 2.0 inches

Table L, continued

d = 0.8 inCh
'
x $ =) T, - dt/ax Nug, Gr
0.15 0.0167 70 615 5330 1.325 5.66 x 10°
104 650 2750 1242 . 4.35 x 10°
0.0500 70 615 5330 3,978 5.94 x 10°
104 650 7750 3.726 7.05 x 10°
0,08353 70 615 5330 6.629 4.57 x %
104 650 7750 6.210 5.4% x 10%
0.1167 76 615 5330 9.281 1.25 x 109
104 650 72750 8.696 1.49 x 10°
041500 70 615 5330 11.933 2.67 x 10°
104 650 7750 11.176 8,17 x 10°
0.20 0.0167 70 618 4520 1.324 3.66 x 102
104 650 7200 1.153 4.35 x 102
0.0500 70 615 4170 3.112 5.94 x 109
104 650 5820 2.798 7.05 x 10°
0.0833 . 70 615 4170 5.186 4.57 x 10%
104 650 5820 4.664 5.43 x 10%
041167 ?0 615 4170 7.261 1.25 x 109
102 650 5820 6.530 1.49 x 10°
0.1500 70 615 4170 e 536 2.67 x.10°
104 650 5820 Be392 3.17 x 10°
0.30 0.016%7 70 615 4270 1.062 3.66 x 102
104 650 8400 1.346 4.35 x 102
0.0500 70 615 3300 2.463 5.94 x 102
104 650 5330 2.56% 7.05 x 105
0.0833 70 615 5120 3,880 4,57 x 104
104 650 4800 3.846 5.45 x 10%
0.1167 70 615 2960 5.154 1.25 x 10°
104 650 4630 5.195 1.49 x 10°
0.1500 70 615 - 3120 64985 2.67 x 10°
104 650 4630 6.676 3.17 x 10°
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J-v’ = 2.0 inches

Table L, continued

d = 008 inch
{ *
x '] 8 T,  -dt/ax Nug r,
0.50 0.0167 70 615 5800 1.443 3.66 x 102
104 650 9450 1,514 - 4.35 x 10°
0.0500 70 615 4020 3,000 5.94 x 10°
104 650 6570 3,159 7.05 x 10°
0.0833 70 615 3380 4.204 4.57 x 10%
: 104 650 5580 4,471 5.45 %
0.1167 70 615 3020 5259 1.25 x 10°
104 650 4900 5.498 1,49 x 10°
0.1500 70 615 2680 64000 2,67 x 10°P
104 650 4790 64907 517 x 10°
0.75 0.0167 70 615 6190 1.474 3.66 x 102
104 650 9640 1.544 4,35 x 102
0.0500 70 615 450 5.178 5.94 x 10°
104 650 7230 3.476 7.06 x 10°
0.0833 70 415 3780 4,500 4,57 x 1wk
104 650 6070 4.864 5.43 x 10%
0.11.67 70 615 3350 5,550 1.25 x 109
104 650 5250 5.890 L.49 x 1P
0.1500 70 615 3250 6.965 2,67 x 109
104 650 5080 7.325 3,17 x 10°
1.0 0.0167 70 615 6260 1.491, 3.66 x 107
104 650 9640 1.544 4.35 x 10°
0.0500 70 615 4450 3.178 5.94 x mg
104 650 7250 3.486 7.06 x 10°
0.0833 70 615 3790 4,512 4,57 x 10%
104 650 6070 4.864 5.45 x 10%
0.,1167 70 615 3390 5. 650 1.25 x 109
' 104 650 5320 54969 1.49 x 1P
0..1500 70 615 3300 7.072 2,67 x 10°
104 650 5160 7.441

3,17 x 10°



Table L, continued

L' =2,0 inches
d = 0.375 inch
L
x g e T, ..dt/dx Nu,, Cr

0.15 0.0167 104 652 7500 1.200 4.300 x 107
0.0500 104 652 7500 3, 600 6.960 x 10°
. 0.0833 104 652 7500 6.020 5.370 x 10%

0.1167 104 652 7500 8.400 1.473 x 10°

0.1500 104 652 7500 10.800 3,130 x 10°
0.20 0.0167 104 652 6550 1.047 4.300 x 107
0.0500 104 652 5900 2.840 6.960 x 10°
0.0833 104 652 5900 4.730 5.370 x 10+
0.1167 104 652 5900 6.600 1.473 x 10°

0.1500 104 652 5900 8.500 3,130 x 10°
0.30 0.0167 104 652 7050 1.126 4.300 x 1o§
0.0500 104 652 4650 2,240 6.960 x 10,

0.0833 104 652 4300 3, 450 5.370 x 107

0.1167 104 652 4100 4.590 1,473 x 105

0.1500 .104 652 4070 5.850 %.130 x 10
0.50 0.0167 104 652 9320 1.490 4,300 x 107
0.0500 104 652 6050 2.910 6.960 x% 10°
0.0833 104 652 4250 3.410 5.370 x 10%

041167 104 652 3470 3,880 1.473 x 10°

0.1500 104 652 2950 4.250 3,130 x 10°
0.75 0.0167 104 652 9470 1.512 4.300 x 10°
0.0500 104 652 6230 2.995 6.960 x 10°
0.0833 104 = 65 5100 4,090 5.370 x 10%
0.1167 104 652 4060 4.550 1.473 x-10°
01501, 104 652 3250 4.670 3.130 x 10°
1.0 0.0167 104 652 9470 1.512 4.300 x 10°
0.0500 104 652 6230 2.995 6.960 x 10°
0.0833 104 652 5350 4.290 5.370 x 10%
0.1167 104 652 4620 5.170 1.473 x 10°
0.1500 104 652 3470 5,710 3,130 x 10°
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“Table l}, continued

Lc = 2,0 inches
d = 0.125 inch
x! ,Q e Tm ~dt/dx Nup Gr
0.15 0.0167 99 647 7300 1.225 4.200 x 10~
0.0500 99 647 7300 3,685 6.800 x 10°
0.0833 99 647 7300 6.150 5.240 x 104
0.11.67 99 647 7300 8.600 1.440 x 109
0.1500 99 647 7300 11.030 3.060 x 109
0.20 0.0167 99 647 6350 1.065 4.200 x 102
0.0500 99 647 5550 2.800 6.800 x 10°
0.0833 99 647 5550 4.670 5.240 x 10%
0.1167 99 647 5550 6.550 1.440 x 10°
0.1500 99 647 5550 8. 400 3.060 x 10°
0.30 0.0167 99 647 7500 1.260 4.200 x 202
0.0500 99 647 4250 2.150 6.800 x 10°
. 0.0833 99 647 3970 3,340 5.240 x 102
0.1167 99 647 3870 4.570 1.440 x 10°
0.1500 99 647 3700 5,600 5,060 x 1.0°
0.50 0.0167 - 99 647 8680 1.458 4.200 x 102
0.0500 . 99 647 ‘5600 2.830 6.800 x 10°
0.0833 99 647 3950 3.320 5.240 x 10%
0.1167 99 647 2980 3.520 1.440 x 10°
0.1500 99 647 1950 2.960 3.060 x 10°
0.75 0.0167 99 647 8920 1.497 4.200 x 107
S .3 0.0500 99 647 6200 5.130 6.800 x 10°
0.0833 99 647 4480 3,775 5.240 x 10%
0.1167 99 647 3300 3,900 1.440 x 10°
0.1500 99 647 2250 3,410 5,060 x 10°
1.0 0.0167 99 647 8920 1.497 4.200 x 1o§
0.0500 99 647 6200 3.130 6.800 x 10
0.0833 99 647 44860 3,775 5.240 x 10+
0.1167 99 647 3450 4.070 1.440 x 10°
0.1500 99 647 2500 3,780 3,060 x 10°
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