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ABSTRACT

Heat transfer between a room temperature, turbulent round Jjet

and a segmented flat plate perpendicular to it has been investigated.

The heat transfer surface consisted of invar rings insulated
from each other with silicone rubber. The source of heat was
steam at atmospheric pressure condensing on the back of the heat

transfer surface.

Since data were taken over a wide range of vertical distances
between the nozzle and the flat surface both the potential cone
and the fully developed regions of the Jet were observed interacting

with the heated plate.

It was determined that two modes of heat transfer occur; one
in the potential cone region and the other in the fully ,developed
region of the Jjet striking the plate; Results were successfully
correlated at the stagnation point for all vertical distances
between the jet and the plate. The decrease in heat transfer coef-
ficient with increasing radial distance from the stagnation point
has been successfully correlated in both the potential cone and

the fully developed regions of the jet as well.
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NOMENCLATURE

Vertical distance between nozzle and plate
Nozzle diameter

Slot width for two dimensional nozzle
Radial distance from the stagnation point

Local heat transfer coefficient at any point on the heat
transfer surface

Heat transfer coefficient at the stagnation point
Reynolds No. based on air properties at the nozzle exit.
The characteristic length is D throughout this work exgept
where otherwise noted.

Nusselt No. at the stagnation point. Characteristic lenght is D

Nusselt number at any point on the heat transfer surface other
than the stagnation point.

Prandtl Number

Heat transfer per unit area per unit time (B/fta/hr)
Conductivity of invar (B/hr ft. °f)

Distance between thermocouples

Temperature drop across the invar ring

Surfacé temperature on the invar ring

Jet stagnation temperature

Temperature at copper-invar interface

Total thickness of invar rings

Velocity and turbulence decay factor

Reynolds Number of fluid jet as it arrives at the flat plate



INTRODUCTION

The use of round jets for the cooling of surfaces placed
perpendicular to the axis of flow has numerous applications in
industry. Single jets may be used for spot cooling or arrays
of jets may be used to cool entire surfaces. The chief advantage
of jet cooling is that for a given flow of fluid much higher
local coefficients of heat transfer may be obtained than for
the more conventional methods of convection heat transfer, due

to the scouring action of the fluid near the heat transfer surface.

Some typical applications of Jjet cocling are as follows:
The front face of the lance used to inject oxygen into a Basic
Oxygen Process Steel Furnace is cooled by a turbulent water jet.
A row of air jets is used to cool the leading edge of the turbine
blades in some jet engines. A machine which automatically
joins, stralightens, and heat treats continuous railrocad track
for high speed trains uses air jets for cooling purposes. It
is only natural that since this means of surface cooling
has bécome increasingly important that the need for general
knowledge about its heat transfer mechanism has increased as

well.
(11)*

Previous to this time Vickers studied local coef-

ficients of heat transfer from an isothermal heated flat plate

* Superscript numbers in parentheses indicate references on p. 79.



to a laminar jet. Gardon & Cobonpue () made a similar study
for a turbulent air jet over a wide range of Reynolds numbers,
nozzle diameters, and vertical distances between the plate and

(3)

nozzle. However, in a later paper which Gardon co-authored
with Akfirat it is stated that the local heat transfer coefficients
of Gardon and Cobonpue's original paper are 40 per cent too high.

Other papers (5,7)

have been written on jet heating but comparison

of these results with those obtained from cool Jjets is difficult
because as the vertical distance between the Jjet and the plate is
increased the entrainment of atmospheric air rapidly éools the

jet, thereby changing the effective temperature difference between

the jet and the plate. The temperature of a subsonic room temperature

jet, on the other hand, remains virtually constant over its axial

length.

It may be seen, then, that there is no completely satisfactory
experimental data available on turbulent jet cooling. Also, a
perusal of the available literature on Jjets such as the books by

i (6), Schlichting (8>, and Abramovich (1) reveals that the theory

Pa
of turbulent jets in its present stage of development is extremely
sketchy. There are no universally valid equations available at

present which may be directly applied to the local effects of

turbulent round Jjet cooling.

This research on turbulent jet cooling was inspired by an
academic interest in the probiem as well as by a realization of

the practical need for more basic research on this mode of heat



transfer. It was felt that any advancement of the state of

knowledge in this field would be of great engineering value.

Data were taken for a turbulent jet over a wide range of
Reynold's Numbers (6,000 - 67,000) and vertical distances between
nozzle exit and plate. Two nozzle sizes were used to insure

generality of the results.

Due to the complexity of the fluid flow problem a theoretical
calculation of the local heat transfer coefficients was not feasible.
A semi-empirical solution was sought in terms of dimensionless
quantities so that the results could be applied to various flow
rates, nozzle diameters, and vertical distances between the nozzle
exit and cooled surface. Finally, the results of this work were
compared, where possible, with the work of previous researchers

in this general area.



REVIEW OF PREVIOUS WORK

Heat transfer between round Jjets and heated flat surfaces

(11) (&)

has been studied by Vickers y by Gardon and Cobonpue )

9)

and by Smirnov, Verevochkin, and Brdlick

Vickers concentrated on the laminar flow regime where Reynolds
Numbers based on properties at the nozzle entrance varied between
550 and 950. Local Nusselt numbers at radial distances from the
Stagnation point up to three times the nozzle diameter were
found to be linear functions of the Reynolds Number. It was stated
that this occurs because laminar jets entrain only small quantities
of surrounding fluid;‘thus fhe scouring action at the boundary
layer is directly proportienal to the rate of flow. Nusselt numbers
at the stagnation point decreased linearly with increasing vertical
distance from the nozzle for all flow rates. Within the 1limits of
accufacy of the instrumentation a test was run to determine the
minimum value of Reynolds Number for which heat transfer could
be measured at the plate surface. At a vértical distance of
twelve diameters the minimum Reynolds Number began to drop rapidly,
reaching zero at Zn/D = 7." " .Therefore, at Zn/D < 7 the Nusselt

number is a function of the Reynolds Number only. The author made

no attempt to explain this phenomenon.

These results provided a valuable contribution to jet cooling
technology. They cannot;'however, be used to predict heat transfer

coefficients in the turbulent flow regime.



In 1962 Gardén ad Cobonpue presented an extensive paper
on turbulent jet cooling. Local heat transfer coefficients
produced by a room temperature turbuleant jet (7000= Re = 112,000)
impinging on an isothermal, electrically heated surface Wefe measured.
Nozzle diameters ranged from 089" to .354"., The maximum nozzle
velocity was the speed of sound. Using a heat-flow transducer,
local coefficients could be determined over a very small area. The
results are valuable in that the range of vertical distances was
varied from one quarter of a Jjet diameter to forty times the
diameter. Thus dalta was obtained over virtually the entife length
of the free jet, potential cone, transition or mixing region, and
finally the région of fully developed flow. The equation:

Nu_ = 13(Re>o’5 D/zIl

Where: Nu - = Nusselt No. at stagnation point
Re® = Reynolds No. at nozzle exit
D = Nozzle diameter
Zn = Vertical distance between nozzle

and plate
was given as the correlation for the stagnation point heat transfer
for Re > 14,000 and vertical distances between jet and plate

greater than twenty diameters.

A correlation of the variation of local heat transfer coef-
ficients with radial distance from the stagnation point for
vertical distances greater than ten diameters and Reynolds
Numbers in excess of 7,000 was presented in the form of a plot
of h/hO VSa X/Zn’

Where: h='local coefficient at ény point on the surface

h = coefficient at the stagnation point
x2 radial distance from the stagnation point



Some interesting phenomenon were observed when the Jet was
close to the plate (Zn/D < 6). At the stagnation point heat transfer
rates rose from Zn/D = 0.5, reached a maximum at Zn/D = 6 or 7, then
fell off steadily with increasing Zn/D. Fig. 1 is a generalized
curve showing the variation of stagnation point heat transfer with
Zn/D that was observed by Gardon and Cobonpué. They theorized
that this phenomenon is due to the variation of stagnation

temperatures along the axis of the Jjet due to air entrainment.

Anvunusal variation of local heat transfer rates was also
observed in the radial direction for Zn/D <6 as is shown in Fig. 2.
Peaks occuring at x/D = 0.5 were attributed to high radial
velocities between the plate and the sharp edged nozzle exit.

Peaks: at x/D = 2 were thought to be due to some change in the

regime of flow of the spreading stream.

Since the quantitative results of this work are clouded by
the fact that the authors later discovered a calibration error in

y ()

their heat flow transducer (as much as 0% direct comparison of
these results with any others is extremely difficult. A qualitative

comparison can and will be made, however, between these results

and those which will be presented in this work.

(9)

Smirnov, Verevochkin, and Brdlick measured average
heat transfer coefficlents between a heated plate and a submerged

turbulent water jet (50=5 Re = 31,000) over a wide range of



vertical distances between nozzle and plate. Since no local
rates of heat transfer were measured, this paper, although
useful for practical application work, offers no new knowledge

of the mechanism which controls Jet cooling.

Heat transfer between a two dimensional turbulent air Jet
and an electrically heated, isothermal flat plate was studied

by Gardon and Akfirat (3)

in 1965. For Reynolds Numbers greater
than 2000 and vertical distances in excess of fourteen times the

slot width, stagnation point heat transfer ccefficients were

correlated within + 5% by the egquation:

Nu_ = 1.2 (Re) o'58<zm/B>'O'62

Where: B = S8lot width

Re= Reynolds No. based on air properties at the
nozzle e&xit. Characteristic length = B
A correlation for the lateral variation of heat tramsfer
rates was obtained for fully developed slot Jets Zn/B:>8,
(2,750=Re =50,000) in terms of (h/ho VS x/zn). These curves
show a dependence on the Reynolds Number which was not explained

by Gardoniand Akfirat.

These results, as well as others presented in the paper but
not correlated mathematically, may be applied.to round Jets, but
only with extreme care du¢ to the fact that the characteristics
of a slot jet are slightly different from those of a round jet.
Although the width of both slot Jets and round jets increases
linearly with axial distance from the nozzle exit, the centerline

velocity decay function is different for the two types of jets.



The center line velocity of the’slot jets is a function of

y 05

0 . The centerline velocity of the round jet is a function

"l-O 1

of Zn The heat transfer phenomenon is similar, however,

and useful comparisons may be made between Gardon and Akfirat's

(3)

work and the results presented here.

Jet heating of flat surfaces has been studied by

(7) (5)_

K. P. Perry and by G. C. Huang

K. P. Perry studied the heat transfer from a water
cooled plate to a turbulent heated air jet.‘ The maximum
temperature of the Jjet was limited to 600°C so that radiation
effects would be negligible. Perry's formula for stagnation
point heat transfer is:

Nuo=o.181(Re)o‘7(Pr)o'53

Unfortunately, Perry measured stagnation point heat
transfer rates at only one vertical distance between jet and
plate, that is, ten diameters. The radial variation of heat
transfer rates was measured at vertical distances of 11, 13,

16, and 19 jet diameters.

One of Perry's objectives in his research was to apply
the similarity relationship for free fully developed jets which
was found by Hinze and Van der Hegge Zijnen, by which contours of
velocity and mass transfer across the jet can be expressed
independently of Jjet size and distange downstream of the cross

section under consideration. This similarity criterion was

f—
H. Schlichting, "Boundary Layer Theory", (New York: McGraw-Hill
Book Co., Inc., 1960), p: 596.



gpplied with success. The radial variation of heat transfer
coefficients for various Jet 1engbﬁs was correlated in the

form of a curve of (h/hO VS. x/Zn). This method of correlating
lateral heat transfer coefficients has been successfully applied
more recently by Gardon ad Cobonpue. IiBince all local coefficients
are related to the stagnation value, ho, and since we are given a
correlation for stagnation heat transfer at only one vertical set-
ting, Perry's results may only be applied to a’'jet where the

vertical distance to the plate eguals ten diameters.

G. C. Huang studied heat transfer between a turbulent
heated air jet (1000 = Re =10,000) at short vertical distances
from the plate (1= Zn/D = 12). Therefore, the stagnation
point on the plate was located in either the potential cone
region or the transition region of fhe jet. Hole diameters ranged
from .125" to .250". Heat transfer was measured on a transient
basis using a thermocouple mouﬁted in a 1.0" x 1.0" x 0.25"

silver block. The eguation:
Nu_ = 0.0233 (re) 087 (py)0"33

is given for stagnation point heat transfer for the range of

vertical distances tested.

Huang noted, without explanation, that the stagnation point
heat transfer is independent of Zn/D when Zn/D <6, but begins

to decrease with vertical distance as Zn/D increases beyond 6.

)

Research by Gardon and Cobonpue - and by Gardon and



10
Akfirat(E) as well as the results being reported inthis thesis
show a rise.in heat transfer rate in the potential cone regioh as
vertical distance is increased for turbulent jets. This phenomenon
probably did not show up in Huang's work due to the nature of the
measuring apparatus used. Heat transfer coefficients were

measured over a one inch square area which produced average heat

transfer rates rather than local heat transfer rates.

It will be recalled that Vickers observed this same phenomenon,
also without explanation, at Zn/D<:7. However Vickers was studying
laminar jets. This effect which he observed in the laminar
regime has been verified by the results of Gardon and Akfirat

and will be explained further in this thesis.

Perry and Huang both worked with Heated air Jets which
traveled through ambient air at much lower temperatures to
reach the heat transfer surface. Due to ambient air entrainment
these Jjets cooled rapidly along their free lengths making direct
comparison between the results obtained with hot jets and those

obtained with cool jets extremely difficult.
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THE APPARATUS

The test apparatus used in the experiments desbribed below
consisted of an air supply system (Fig. 3) and a heated flat

plate assembly (Fig. 4).

Alr was supplied by a reciprocating compressor through a

filter and drier to a plenum chamber, to which different nozzles
could be attached. The preésure drop across a thin plate orifice,
designed according to specifications provided in the ASME Power

Fest Codes (10), was used to calculate the flow rates. The pressure
at the entrance to the plenum chamber and the pressure drop across
the orifice were measured with U-tube manometers. The temperature
of the air was measured with an iron-constantan thermocouple at

the entrance to the plenum chamber. The entire nozzle and plenum

chamber was fixed vertically, but could be pivoted about a flexible

connection at the inlet end to permit alignment.

The heated flat plate assembly consisted of the following:

1. A steam chambér 8" in diameter by 5" high which was
partially filled with water. Just above the water
level a screen mesh was installed to prevent the water
from splashiﬁg on the back of the heat transfer surface.
The chamber was operated at atmospheric pressure. A
safety release was provided by a tube connected to the
chamber on one end and suspended in a container of water
on the other.

2. A 1000 watt electric heater, which was supplied with

energy through a 20 Amp. Variac, generated the stean.
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The heat transfer surfacé (Fig. 5) consisted of six .567"
thick invar rings which were insulated from each other
with silicone rubber. These rings were sandwiched to a
.125" thick brass plate, the back of which was in

contact with the steam. Thermal contact between the
invar rings and the brass plate was made with silicone
grease, which was loaded with silver powder.

Heat tfansfer was calculated using temperatures measured”
with iron-constantan thermocouples. 8ix thermocouples:
were installed at the interface of the brass and the
invar; one thermocouple coinciding with each ring. A
total of fourteen thermocouples were installed .055"
below the upper surface of the rings. Temperature
differences in each ring were méasured directly.
Individual temperatures were measured at the brass-invar
interface using an ice bath reference junction. Millivolt
readings were taken with a Leeds & Northrup Model No. 7552
potentiometer which was calibrated against a standard
cell. TFigure 6 shows the complete thermocouple circuit.
A plywood container insulated with fiberglass encased

the entire steam chamber.

The entire assembly was mounted on a surface having

three adjustable legs which enabled vertical movement

as well as leveling of the heated plate.
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THE TEST PROCEDURE

At the start of each day during which data was taken, the
compressor, the steam chamber, and the potentiometer were turned
on and allowed tooperate for one hour before any data were taken.
This procedure insured that all operating equipment had reached
steady state. Dufing this walting pericd the barometer readiﬁg

for the day was taken and the ice bath was prepared.

A complete series of tests was run for the two nozzles having
diameters of .250" and .375". Data were taken with the .250"
nozzle at eight different vertical distances from the plate
varying Zn/D from 1 to 50. The .3?5" nozzle was operated at
seven vertical settings, the largest being_Zn/D = 40 due to
physical limitations of the apparatus. At each vertical setting
data were taken for five air speeds varying from Relg 6,000 to
Re = 67,000. Thus a total of seventy-five "runs' were made

with the equipment.

Prior to each run the apparatus had to be in perfect alignment.

The procedure for vertically aligning the nozzle axis was as follows:

1. Install a nozzle of the required inside diameter.
2. Insert a straight smooth rod of the same diameter into
the nozzle. The rod is now colinear with the nozzle axis.
3. Suspend a plumb bob in the vicinity of the rod.
L, Adjust the guy wires until the plumb line and the rod

" are colinear.
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5. Repeat steps 3 and 4 along an axis perpendicular to the

one Jjust used.

The flat plate had to be positioned at the proper elevation,
leveled, and centered under the nozzle. A graduatéd‘metal "square"
was used to determine vertical positioning of the plate while
leveling was accomplished using a water-in-glass level. The
center of the plate was located on the nozzle axis by suspending

a plumb line from thecenter of the nozzle.

At each setting of the apparatus the following measurements
were made:
1. Room temperature
2. Alr temperature at the plenum chamber inlet
3. Air pressure at the plenum chamber inlet
L. Air pressure immediately before the metering orifice
5. Alr pressure immediately after the metering orifice.
6.‘ The temperature at the six radial locations at the
brass-invar interface.
7. The temperature difference across each invar ring
a. Center ring - 1 measurement
b. Next 2 rings - 2 measurements each
c. Outer 3 rings - 3 measurements each.
The temperature differénces in each ring were measured between
the thermocouples installed .055" below the upper surface and
the thermocouple corresponding to that ring located at the brass-iavar

interface.



More than one pair of thermocouples was used in the rings
wherever possible. Since the invar had to be drilled and
thermocouples placed at the base of holes which were .020"
diameter the location of each junction after being installed
could not be precisely measured. Furthermore, the air flow
pattern could not be perfectly symmetrical. Having more than
one junction in all but the center ring allowed the averaging

of data which procedure led to more reliable results.

15
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ANATLYSIS OF RESULTS - GENERAL

(10)

Using the ASME Power Test Code and the measured pressures
and temperatures, mass flow rates were calculated for all runs. The
properties of the air jet at the nozzle exit were calculated by
assuming an isentropic pressure drop between the entrance to the
plenum chamber and the nozzle exit. Air density was calculated
using the perfect gas law. With this information the Reynolds
Numbers based on the properties of the air at the nozzle exit were
calculated. The characteristic length used in all determinations

of the Reynolds Number was the nozzle diameter.

Local coefficients of convective heat transfer had to be

calculated next. Local heat transfer rates could be found since

the temperature difference and the distance between the thermocouples
were known. Assuming a linear temperature disﬁribution between the
front and the back of the rings, surface temperatures on the rings
could also be calculated. To determine local coefficients a
temperature difference must be used which will enable application

of these results to design situations. The local surface temperature
was selected as one temperature. The other temperature had to be
related to the jet. Two possibilities exist here. Either the nozzle
exit temperature or the plenum chamber temperature could be used.
Since the axial velocity of the jet decreases to zero upon impact

at the plate it was reasoned that plenum chamber temperature of the
jet would be the more logical temperature to use. This proved to be

the case. Heat transfer rates, as will be showniin detail, correlated
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very weli at the stagnation point. A typical calculation of the
local coefficient of heat transfer is as follows:

qg=K AT, = h (T - T, )
i
1

Solve for the local convective coefficient giving:

h = k AT,
i

L. (T - T.)
1 S J

Where: .
g = Heat transfer per unit area per unit time (B/fta/hr)

k = Conductivity of invar (B/hr ft'F)

L,= Distance between thermocouples

ATiz Temperature drop acroés the invar
h = Local convective coefficient of heat transfer
T = Surfacé temperature on invar ring

T.= Jet temperature (stagnation)

A1l of the variables in the above equation are known except
TS, the invar surfacé temperature, which must be calculated by the

method shown below.

- Sl ] ——y

;éThzﬁﬁyg|NvAR .

——~>-./25-L_.&, ,f_q —
ot

" COPPER
T -T. =AT by Ly
s ci i T
i
_ L.
TS = A Tl X ____g__‘ -+ TC:L
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Total thickness of invar rings

=
0]
il

Tci = Temperature at copper-invar interface

This method of heat transfer calculation has been verified by

calculating a heat balance on the entire test apparatus for selected

data points. A typical heat balance calculation is included in the

Appendix.
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ANALYSTIS OF RESULTS - STAGNATION POINT HEAT TRANSFER

The problem of heat transfer between a fluid jet and a flat
plate perpendicular to 1t may be considered in two parts. The ef-
fect of rate of flow, vertical distance, and nozzle diameter on
local heat transfer coefficients at the stagnation point of the
jet 1s an interesting theoretical problem in itself. The variation
of the local convective heat transfer coefficients with increasiné
radial distance from the stagnation point is the‘other aspect of

this problem which will be considered later.

As a first step in analyzing the results of measurements made
at the stagnation point a graph of tﬁe Nusselt Number (Nu) vs. the
dimensionless vertical distance between the nozzle and the plate
(Zn/D) was plotted (Fig. 9). The data for both nozzle sizes were
superimposed on the one graph to test the correlation. This
general pattern of heat transfer vériation at the stagnation point
has been observed previously by Gardon and Cobonpue () as well as by

(3)
(3)

Gardon and Akfirat . Fig. 10 shows the results obtalned by

Gardon and Akfirat in their study of two-dimensional Jjets.

When their Reynolds‘Number is greater than 950 local coefficients

of heat transfer rise with increasing vertical distance until the
range 4 §'Zn/D £ 7 is reached. Further increases in vertical distance
ig accompanied by a rapid decrease in the rate of heat transfer at

the stagnation poiﬁt. This phenomenon is truly remarkable. With

the jet flowing at a constant Reynolds Number stagnation point heat

transfer rates rise, then fall with increasing vertical distance

between the plate and the jJet.
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Gardon & Cobonpue theorized that this phenomenon is due
to a variation of the stagnation temperature of the Jet along
its axis due to interaction with the surrounding atmosphere. These
temperature variations which they reported were not sufficient
to cause heat transfer coefficient variations of'the magnitude

that they measured.

This pattern of heat transfer variations with vertical distance
is more likely due to the physical structure of the Jet and the
mechanics of its interaction with‘the ambient air which is at fest.
As the turbulent air leaves the nozzle it has an established flow
pattern. The centerline velocity remains constant for approximately

seven jet diameters.?

This reglon of constant centerline velocity
is known as the "potential cone region'". At the interface between
this turbulent air and the ambient air there is a highly tufbuleht
mixing region in which awmbient air gains momentum at the expense of
molecules of air in the jet. Thus, the poctential cone region of

the jet rapidly narrows, while the total mass rate of flow increases.
At a jet length of 6 or 7 nozzle diameters the turbulent mixing
region converges on the jet centerline as shown in Fig. 15 (b).
Therefore, as the length of the free jet is increased the heat
transfer coefficients will increase, reaching a maximum at the tip
of the potential cone region (Zn/D = 7) at which point the centerline
velocity is still at its maximum value and the region of turbulent
mixing has converged. Beyond this point as the vertical distance

is increased both the velocity and the: level of turbulence decrease

rapidly; thus, accounting for the similar fall-off of heat transfer rate.

23.PAT, Ph.D., "Fluid Dynamics of Jets', (New York: D. Van Nostrand
Company, Inc., 1954), p. 120.
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Gardon & Akfirat , in their study of two dimensional Jets
took their data in the laminar regime (Re £ 1000) as well as in
the- turbulent regime.3 Their plot of Nu vs Zn/D (Fig. 10) reveals

another interesting phenomenon.

That is, as the Reynolds Number is decreased the rise in Hheat
transfer within the potential ane region becomes less pronounced
until Re = 95C is reached. At this flow rate as well as at lower
flow rates the heat transfer rate in the potential cone region
remains constant as the verticél distance between the jet and the

plate is increased.

This phenomenon is to be expected since the heat transfer
‘rates are so dependent on the structure of the jet. At Re = 1000
the flow is laminar and according to theory the heat transfer rate

should be proportional to the Reynolds Number at the surface of

the p]_ate.L+ Within the potential cone region the Reynolds

Number is the same throughout the range of Zn/D = 7. A look at

the jet phenomena will reveal why this is so. As a fluid flowing
in a tube or nozzle leaves that tube or nozzle and enters the
atmosphere it has an established velocity profile. At the interface
between this moving air and the stationary ambient air a laminar
boundary layer develops. Due to friction, momentum is transfered
from the moving particles to stationary particles thus slowing

down thé particles within the originai jet. The boundary layer,

as we shall call this région of interaction gradually widens until it

53.M.F. Vickers, " Heat Transfer Coefficlents Between Fluid Jets
and Normal Surfaces", p 969.

Y Ipid., p. 969.
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has consumed the entire jet. Priorvto the time that the boundary
layer reaches the centerline of the Jet the jet properties remain
constant. This region,.where jet properties are, as yet, unaffected
by the surrounding atmosphere is known as the potential coﬁe region.
With further increases in distance from the nozzle the centerline
velocity of the Jjet falls off rapidly. Thus we may say that as

we leave fhe nozzle and move'along the axis of the jet we will see,
first a region of constant velocity followed by a region of rapid
velocity decay; At &ery low Reynold!'s Numbers where turbulent effects
at the plate are non-existent the heat transfer variation with

vertical distance from the plate follows the same pattern.

This is to be expected since the only variables at the

. stagnation point are the "Reynolds Number of Arrival” (based on
velocity of jet as it arrives at the plate and the properties

of the air at the nozzle exit).aﬁd the stagnation point Nusselt
number. Within the potential cone region the Reynolds Number
based on the nozzle diameter remains constant as vertical distance
is changed; therefore, the Nu remains constant. As the vertical
distance becomes greater than 7, the velocity takes a sudden drop
"and continues to decrease until at some point it will reach zero.
The local heat.tranSfer coefficient in the laminar regime follows

this pattern quite closely. See Fig. 10 at Re<<1000.

As the Reynolds Nuﬁbef is increased,the turbulent regime is
entered. Velocities of particles are no longer constant with
time. Since individual particle velocities are constantly changing

in magnitude and direction we may speak only of average properties.
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The magnitude of the RMS deviation of individual particle velocities
ffom the average velocity 1s a measure of the turbulence of the jet.
This turbulence causes a greater amount of the'ambient air surrounding
the jet to be entrained. The kinetic energy loss along the axis
of the jet before it reaches the flat plate also increases with the
level of turbulence. Therefore the scouring action of the jet will
no longer be proportiopal to the rate of flow only.5 Since the heat
transfer coefficient at the surface is a function of the scouring
action of a jet it is obvious that the '"Reynolds Number of Arrival" only
is not sufficient to correlate the variations in heat transfer.0
The degree of turbulence must also be considered. To obtain a complete
corfelatioﬁ of fesults over the entire length of the jet‘in the
turbulent regime it would be necessary to be able to completely describe
the local turbulence of the jet mathematically. No such analysis
has been found as of yet that éovers the entire length and width
of the jet.v The problem is further complicated by the fact that
the turbulence seems to be affected by the nozzlé diameter as well.7
Thus in the turbulent regime the Nusselt Number is affected by the
Reynolds Number, the jetnturbulence, énd the nozzle size. The
effect of the turbulent boundar& layer surrounding the potential
cone region seems to be greatest in the range 4'§ Zn/D £ 14. Beyond
' Zn/D = 20 the turbulence has dropped considerably. At Zn/D = 20

the local Reynolds Number alcne is the criteria for similarity.

Although the turbulent effects are, as yet, beyond mathematical

description, thus limiting our ability to produce a correlation of

5 Ibid., p. 969
6 Tphid., p. 969

R. Gardon & J.C. Akfirat, '"lleat Transfer Characteristics of Impinging
Two-Dimensional Air Jets'", (Journal of Heat Transfer, Trans. ASME, Series
c, Vol. 88, 1966, p. 103).
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results at the stagnation point, some significant generalizations
may be drawn from the data taken in this work.

The plot of Nu vs. Re (Fig. 11A) for all the vertical settings -
except Zn/D = 7 and Zn/D = 14 shows the excellent correlation of
results achieved with the tw5 nozzles. Since the vertical settings
of 7 and 1k nozzle diameters fall in the region of tramsition
between the potential cone region and the fully developed region
of the Jjet the results obtained at these settings were plotted
separately in Figures 11B and 11C. It is in this transition region
where the boundary layer is merging Sn the centerline of the jet. The
turbulent effects, which seem to be a function of the nozzle size
as well as the Reynolds Number, have their greatest effect here. The
correlation of the Nu vs. Re cannot be expected to be as precise
in this region. Thus it will be noted in Figures 11B and 11C that
as the turbulent effects increase with the flow rate the per cent
difference befween the curves becomes greater. At Re = 7,000 the
difference is approximately 7% of the smaller value. At Re = 60,000
the difference rises to 19% of the smaller value at Zn/D = 7 where
the velocity and turbulence levels are at there maximum levels. By
the time Zn/D = 14 is reached the velocity and turbulence levels
have decreased markedly as Figure 12 shows. Thus the results at
Re = 60,000 are somewhat improved to a difference of 15% of the
smaller value

Replotting all the data for all the vertical settings for both
nozzles on log-log paper (Fig. 11D) provided some revealing results.

Plots of log Nu/Pr 0:32 ys. log Re are linear for all the vertical
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distances from the Jjet which were tested. In the potential cone
region it may be said, in general, that the variation of vertical
distance between the Jet and the plate has a relatively small
effect on heat transfer. Oncé the potential cone region is left,
however, the local coefficient of heat transfer drops rapidly with
increasing vertical distance. It will also be observed that the
slope of the curve for the data taken within the potential'cone
region is less than the slope of the curves for the data taken in
the remainder of the jet. This definitely showé that there are

two distinct regions of heat transfer which must be analyzed separately.

In the potential cone region one line was drawn through the

data points. This line represents an average value of heat transfer
which may be expected within the potential cone region 1 = Zn/D = 7.
The equation of this curve is:

Nu, = 0.828 Re 0.447 pn. 0.333

o

The percentage of error varies with increasing Re from£5% at

Re = 7000 to + 9% at Re = 70,000 due to the increasing effect of
turbulence. However, within the wide range of flow rates tested this
correlation provides extremely useful inférmation within a margin of
error which is acceptable for heat transfer work. With further study
of the turbulent jet boundary layer, perhaps this percent of error

could be réduced.

The important conclusion to be drawn from the correlatioll of
stagnation point heat transfer rates in the potential cone is that a

separate and distinct heat transfer mode exists in the potential cone
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region. Turbulent fluctuations which seem to be a function of
nozzle size cause the variation of local heat transfer cocefficient
in the potential cone region. To improve this correlation the
turbulence characteristics of a free jet would have to be better
understood.

The second heat transfer mode occurs outside the potential cone

0.33

region.* A1l of the curves of Nu/Pr vs. Re (based on properties
at the nozzle) are parallei to each other. Thus, in the fully developed
region of the Jjet the variation of the heat transfer rate with the
Reynolds Number ié unaffected by vertical distance. However, at a
constant Reynolds Number, the heat transfer rate progressively
decreases as the vertical distance is indéreased. Since the slopes
of all the curves of data taken in this region are identical,
the physical structure of the Jet, as it arrives at the plate must
be similar.. The properties affecting the heat transfer in this
region can only be those which vary along the jet axis. These properties
are two: the velocity and the turbulence. Therefore to obtain
a correlation of data these properties must be related in some way
to a common physical location of the jet. To accomplish this a single
curve reflecting the variation of both of these properties along the
jet axis was formulated. It was calculated as follows:

The curve of axial velocity decay for a turbulent free jet _when
Zn/D is greater-than 7 takes the form -Ei?%.
This is a widelf accepted relationship reported in books by Pai and
by Schlichting. The curve of turbulence decay with increasing axial

distance takes the form —-~—E—~— where C and K are constants.

e kZ /D

*See Figure 11(D).
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It is derived by this author from data illustrated in Fig 5.11 in
the book "Fluid" Dynamics of Jets" by S. Pai. Individual curves

of velocity decay and turbulence decay were superimposed on the same
coordinates. The single decay curve as shown in Fig.l2 dis the
result of calculating a weighted average of theserabove mentioned
two curves to produce the best correlation. The resulting equation
of the "Velocity and Turbulence Decay Factor'" is:

0.604 k.9

F +
.63 0.1 Zn/D Zn/D

(7 = Zn/DSBO)

The heat transfef correlation curve (Fig. 13%3) is calculated
simply by taking the Reynolds Numbers at the nozzle exit and multiplying
them by F. This produces the new variable called the "Reynolds
Number of Arrival!'. All of the data taken in the fully developed

region is shown on this correlation curve whose formula is:
T ]
. wb z
My = 0.27% Re_ 7% pr 93P (g /p=7)

o

At high Reynolds Numbers of Arrival the accuracy of this correlation
is extremely good. For example at Rea = 30,000 the per cent error
is T 6 %. At very low Reynolds Numbers of Arrival the accuracy is
not as good. At Rea = 1000 the per cent error is t.20%. This
accuracy is acceptable considering the physical conditions invelved.
When the Reynolds Number of "Arrival is less than 1500 the minimum
diétance between the jet and the plate is 30 diameters and the

maximum Reynolds Number of fluid leaving the jet is 14,000 when

Zn/D = 50.

Although, as was mentioned before, the slopes of the Nu vs. Re

curves are different in the potential cone region and the region of
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fully developed flow it is interesting to note that when the cor-
relation curves for the potential cone region and the fully developed
flow region are plotted on the same coordinates (Fig. 14) that they
intersect and they are nearly colinear. This is a verification

of the fact that the velocity and level of turbulence of the fluid
when it arrives at the plate, rather than when it leaves the nozzle,

is one of the major variables in jet cooling.

It must be emphasiZed that the correlations of the data taken
at the stagnation point of the jet represent all of the data taken
without exception. It has been pointed out that the per cent
deviation of these data from the correlation curves does vary
depending on the configuration of the apparatus. This is due to
the fact that no correlation of the jet turbulence with nozzle
size and Reynolds Number is available. Therefore in the region
of the jet where the turbulence effects are the greatest, namely,
the transition region between the potential cone and the fully
developed region the accuracy suffers slightly. The‘variation
of turbulence along the jet axis is known, however, and has been

used in the analysis of heat transfer in the fully developed region.
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ANALYSIS OF RESULTS - RADIAL VARIATION OF LOCAL HEAT TRANSFER
COEFFICIENTS

The variation of the local coefficients of convective heat
transfer on the flat plate as the radial distance from the stagnation
point is increased is a complex problem to analyze. Figure 15
illustrates the reasons why the problem must be congidered in two
parts. There are two distinct phenomena occuring here. First at
Zn/D = 7 the potential cone region impinges upon the flat plate,
thus the fluid as it moves radially from the stagnation point must
pass through a regian of high turbulence, before the flow pattern
assumes a normal radial pattern. When Zn/D,iS greater than 7, on
the other hand, the pofential cone no longer affects thé heat
transfer at the surface. The flow pattern is now homogeneous and
the turbulence is continually decreasing in magnitude as Zn/D is
further increased. In this regime the fluid flows in a homégeneous
medium from the stagnation point to the outer edge of the plate.

A correlation based on the parameters h/hO vs.x/Zn was tried suc-
cessfully in this hoﬁogeneous regime. The results are plotted in

Figure 16. As was mentioned earlier this method of correlation was

(7) (&)

and by Gardon and Akfirat <3). A curve has been fitted to these

used originally by Perry and later by Gardon and Cobonpue

results as follows:

n/h = @ -1.56 (x/7 ) 0.75

o

where:

h = ZLocal coefficient of heat transfer at any
radial position

h = BStagnation point heat transfer coefficient
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™
It

Radial distance from the stagnation point

N
1l

Vertical distance between the flat plate
and the nozzle exit.

This method of correlation was tested in the potential cone
region (Zn/D = 7) but it failed. A correlation based on h/hO
vs x/D proved to be successful in this region. This method of cor-
relation produced a family of curves, one for each flow rate. No
éttempt has been made to develop mathematical :expressions to fit
these curves which are illustrated in figures 17 through 22. At
low Reynolds Numbers (6700) the local convective coefficients fall
off rapidly as the radial distance from the stagnation point is
increased. As the rate of flow (Re) was increased the heat transfer
rate dropped off less rapidly in the radial direction. At
Re= 54,000 the effects 6f turbulence began to affect the results to
a much greater extent between x/D = o and x/D = 3.0. Finally at
Re = 67,500 the correlation breaks down in the region between
x/D = 0.5 and x/D = 2.5. This is due to the high level of
turbulence at the interface between thepotential cone and the ambient
air, and,as was mentioned before,there is no available correlation
which includes the turbulent effects near the nozzle exit. At all
rates of flow greater than Re = 6700 the accuracy of the correlation
suffers to a greater and greater degree between x/D = 0.5 and x/D = 2.5
as the Reynolds Number increases. This is due to the turbulent effects

which are steadily increasing with the speed of the air jet.



SUMMARY OF RESULTS

One of the objectives of this work was to obtain useful correlations

of heat transfer data for a round, turbulent jet impinging on a
heated flat plate no matter how near or far the nozzle was positioned
from it. Prior to this time there has been no correlation available
for the use of a turbulent Jjet striking a flat plate at Zn/D-£ 7a
Also, because of the care taken in calculating the local heat transfer
coefficients on the segmented plate, which were verifiable by a
calculation of the total heat transfer from the apparatus, it is
hoped that the local heat transfer coefficients which were obtained

contain much less experimental error than the previous results.

The results of the correlations may be stated as follows:
To calculate local heat transfer coefficients in the potential cone
region of the jet ( 1 = Zn/D = 7) the following equation applies
at the stagnation point:
Nu_ = 0.828 Re 0.447 pp 0333
To calculate the local coefficient of convective heat transfer at

radial points on the flat plate use Figures 17 through 22.

In the fully developed region of flow (Zn/D.>-7) the local heat
transfer coefficient on the flat plate should be calculated using

the following equations:

Nu
o

1l

0.27k Re, 0.569 p,. 0.333

p [ _0.604 + k.9
630.1 Zn/D Zz /D
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~ 0.
n/h = o~ 56 (x/2_) 75

e} e

Re
a

1

(F) Re

Combining these equations produces one equation which may be used
to calculate the local heat transfer coefficient at any point on
the surface of a heated plate (within the range of data taken)
which is being cooled by a perpendicular jet whose vertical distance

is greater than seven jet diameters. That equation is:

| | 0.75
- 0.604 + 4.9 1 p.l0.569 pp 0.333 -1.56(x/Z )
Nu = 0.274 {_TGTT_Z;75 2;75 e



APPENDIX

33



N,
| 1 i ]
o 1o 20 S0 40
Zh //’ D

FIGURE 1 - GEMERALIZED HEAT TRANSFER
VARIATION AT THE STAGHNATION FOINT
DERIVED FROM A RESEARCH PAFPER &Y
CARDON AMD COBOMPUE .

el §
\éi‘ Zh/D )
yf\

NU.
] i 1 i
5 b 4 &

X/ D
FIGUIIRE 2 - RADIAL VARIATION OF HEAT
TRAMNSFER COEFFICIENTS REPORTED
By GARDOM AND COBONPRPUE.

34



GUY WIRE

T

L
LI

- VALVE

§ : \ (

— FRE

——1
|
—

T
e e

1
M
‘:7 L

oAy
WA e iva

- PLENUM

— @UY WIRE

R T
i

HEATED PLATE

TACE T Am
ASSEMBLY

FIGURE 3 -

)

THE AR SUPPLY AND FLOW METE RN/

V)

92

-
m

<

i

19



] i
RINGS

CFIBERGLASS (NGULATION N
: a2 B S A S A N i SNV AR

' FlLL NG TUBE

N S —
\ N N
Y ] -
}‘ o \
I~ _ ADJUSTABLE - N
N T TLEGS N -
N N
~ N N
~

9¢

TED FLAT FPLATE ASSEMBLY



e T T 37

\ SPACES FILLED
LWITH SILICONE
RUBBER

O - LOCATION  OF THERMOCOUPLE  JUNCTIONS [N BRADS FLATE AT
BRADD - [NVAKR  INTERFACE

X - LOCATION OF THERMOCOUPLE JUNCTIONS: Ih iMvAR  RINGE
Q.05 BELOW  THE  SUETACT .

3

74 - INVAR

EY- BRASS

“

» . l o SECTION A=A
S // R P

i - P . :
- | - o = -

z , P 2 ; . S
< 1 e T N NN |

. THERMOCOUPLE. WIRESD
TO FOTIOMETER

AEE | et Tl e —

FIGURE 5- DETAIL WVIEW OF THE HEAT TRANSFEIR OSURFACE.



™
U
o
W. ) .
LS
N
A
pe o . & an S & e B 2 -] &
. it “ [
-— N e e RS & S - 5 ¢t W |
N o g o R 8 I &»L I S ] 0 %
3 ) <3 & L @ € -9 -
)]
3
£
[
=
=z
[Fp]
—
W 6
Y - 8 ° W
+ i
i
- 0o 5
N / 0 [
- —A -
3 At 2
-
vz
. 1
,!,w: e W,i
[A9) i
- oL ™~ Vo
.H. » s .,m. [ e .
M,
\~
. = 3
s e [ . amamnd —ee e
o
—
of i by
' —e g & s
hix i
g ~3
vt
| s )}
Lo ]
'
! I
2
f 1
! G
T /I\r(\JJ.L\J_IJ <
=
_Il I NP NI N @
!
PRI € RV g L W . f
PSR g S S
- - , i
1
~ B & 8 th
i
82 W ow W ™~
- V3 & QO
i
\J
b b
[
=
() -

i
+

FRAL

FIGURE



39

FIGURE 7 - PHOTOGRAFHS OF THE TEDT APPARATUS
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TOTAL HEAT TRANSFER CHECK

As a means of verifying calculations of local heat transfer
coefficients a heat balance was calculated for selected experimental
runs. A sample calculation of the heat balance follows:

DATA:

Nozzle Diameter = 0.250 in.

Zn/D = 20

Reynolds Number = 53,727

Heat input = 150 Watts

ij:::::?(nﬂINVAE RINGS
N
M

AREAS OF INDIVIDUAL INVAR RINGS:

A = 1.045 x 107 £t°
A, = h.b3 x 107
by = 7.88 x 1072
A =25.3 x 1077

A = 6.0k x 1072
A6 = 8.67 x 10'2

HEAT TRANSFER ACROSS THE TEST SURFACE:

The following values were calculated from the original data:

= - - - - - T
Q hl A T, + h2 A2 T2 + h3 A3 T3 + +h6A6 5
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(46.78) (1.045) (1072) (87.64)
(41.54) (4.43) (1077) (89.71)
(34.87) (7.88) (107°) (93.92)
(27.54) (25.3) (107°) (98.87)
(22.03) (6.04) (1072) (103.L2)
(19.36) (8.67) (1072) (105.64)

Q =

+

+

+

+

+
Q = 420.18 B/nhr.
Q = 126.2 Watts

OUTSIDE SURFACE AREAS OF THE INSULATED CONTAINER

Vertical Sides

(6.375 (6.563) (6) = 1.74 Ft°

T5%
2 2
Bottom = (2.598) (6.563 )° = 0.777 £t
144 5
Top = 0777 - (1) (9.18) = 0.577 ft
144
ASSUME:
— o i St
Ky ulation = 0+02 B/ft hr °f (spun fiberglass)
- o
LS = 39.0 B/ft hr °f
_ o
wood = 0.062 B/ft hr °f
OEAT TRANSFER THROUGH THE TOP SURFACE EXCLUSIVE OF TEST SURFACE

Area

Area

Area

Area

of Masonite Top = 0.577 ft2

of Brass Plate = 7Ta2 = (3.14)(4-25)2 = .39k ftz
1hk - (1)

2
of Plate-Test Area= 0.394 -.20 = 0.194 ft

2
of insulation = 394 + .194 + 0.294% ft

2



&wﬁk lo A EnT AR

— ) Tup
e SN NSNS MASOITE
O-‘i‘la'" % K - PG e T bt . —
1 ‘ Assume: T, = T_ = 214°f
o RN 3 2
:u?;s'nk; T TO - 85&f
% STEAN Tl - 115Qf
masonibte =0.07
Q=1 - T
L
Ling P R |
k A
insAins m m hoAm
From Hsu: pg 385:
By, = (0-38) (30) 0-25_ 4.89 B/£t2 nr °f
Q = __21k - 85 -
LG . 0.125 -
0.02 x 0.294x12 12%.07 x 577 0.8 =< 577
Q@ = hAAT

T=9_ = (15.2) (1.95) = 29.6° = T.-T_
hA

15.2 x .2931 = L.45 Watts

O
1l

HEAT TRANSFER THROUGH HE SIDES & BOTTOM SURFACES

Thickness of insulation at bottom = 0.68 in.

Average thickness of insulation on the sides = 1.31 in.

-

Assume TB

I

1. - Assume TW =

2
h o= (0.28) (1.74) + (8.5 ) (4.75) = 0.571 B/ft

212°f

110f

hr

°f

60

15.é B/hr.
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= (1) (4.25)2 + (8.5 ) (4.75) = 394 + .881 = 1.275 £t2

A _
steel R Th%
A = 1.74 + 777 = 2.52ft2
wood
_ _ 2
Ains = 1.28 + 2.52 = 1.9ft

2

Average Thickness of Ins. = 0.68 x .777 + 1.31 x 1.74 = 1.11 in.

2.52 .
Q= T3 - T
ins Lw .
— A T a " Th I
ins ins w w o] W
Q= 210 - 85 -

+

(0.02)(12)(1.9) (12)(.062)(2.52) ¥ (0.571)(2.52)

Q = 37.5 x12931 = 11.0 Watts

HEAT LOSS FROM THE STEAM ESCAPE TUBE

Assume:
b = 0.5
kr = krubber ins. 0.20 B/ft hr °f
Tube:
Q = t, - T o 127
Lr + 1 1 + 1
k A h A (r)(.20)(77) (1.0)(10) (0.5)(77)(1.25)(10)
ror ° © (1Lh) ‘ (1LL)
Q@ = 13.7 B/hr.

Q = 13.7 x .2931 = 4.02 Watts



Total Watts in = 150.00

Total Watts out = 126.2
L. L5

11.00

ey

155.67

% Error = 4 x 100
150

= 146 Watts

= 2.7%

62



ORIGINAL DATA
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Nozzle Diameter

Vertical Setting, Zn -
Approximate Z_/D -

Barometric Préssure

i

0.250 in.
0.260 in.

1

30.446 in. Hg.

64

14,000

APPROX. RE. 67,500 54,000 26,000 6,700
1 2(1n H o) 31.16 22.k0 5.66 1.47 0.38
1 3(m LH o) 28.75 20.63 5.29 1.43 0.48
2 O(ln.Hg ) 5.71 3.90 0.89 0.2k 0.12
3 O(ln.H 0) - = - - - - - - - -
O(Deg ) 85.60 85.00 8Lk.60 84.60 84,40
T, (MV.) 1.549 1.550 1.551 1.556 1.557
w(MV ) 5.372 5.372 5.370 5.370 5.371
BI, 5.114 5.134 5.210 5.261 5.295
BI, 5.097 5.125 5.203 5.258 5.294
BI3 5.028 5.049 5.153 5.224 5.263
BI, 4,93k L.,971 5.085 5.172 5.221
BI, 4.880 L.920 5.041 5.130 5.206
BI6 4,984 5.016 5.094 5.157 5.205
1 0.417 0.378 0.241 0.159 0.108
L 0.508 0.461 0.303 0.199 0.126
13 0.598 0.540 0.361 0.237 0.153
I, 0.515 0.460 0.298 0.193 0.123
15 0.552 0.496 0.325," 0.208 0.128
Ig 0.546 0.492 0.322 0.202 0.133
I, 0.759 0.694 0.478 0.312 0.223
Ig 0.716 0.658 0.448 0.292 0.210
Ig 0.788 0.720 0.490 0.313 0.239
10 1.016 0.94k 0.691 0.488 0.370
1.4 1.049 0.978 0.717 0.515 0.382
1o 1.203 1.117 0.848 0.662 0. 445
113 1.261 1.168 0.873 0.676 0.459
Iy 1.138 1.076 0.865 0.697 0.553

Note: A11 "BI"M

and "I" values in millivolts.




Nozzle Diameter

Vertical Setting, Zrl -
Approximate Z_/D -

. n
Barometric Préssure

0.250 in.
1.00 in.
Iy

30414 in. Hg.

65

APPROX. RE. 67,500 54,000 26,000 14,000 6,700
1 P, (in.H,0) 30.86 22.49 5.57 1.33 0.30
1 3(m Hzo) 28.43 20.74 5.18 1.32 0.39
2 P (in.Hg.) 5.66 3.90 0.92 0.29 0.15
3 P, (in. H, 0) - - - - - - - - - -
T,(Deg. ) 84.60 84.80 8L.L0 84.50 84.80
T, (MV.) 1.523 1.526 1.537 1.547 1.566
T, (MV.) 5.363 5.362 5.364 5.363 5.362
BI, 5.113 51138 5.212 5.261 5.291
BI, 5.089 5.113 5.194 5.254 5.288
513 5.004 5.036 5.144 5.219 5.265
BI, 4,938 4,969 5.097 5.176 5.232
315 L.892 L.928 5.061 5.150 5.198
BI, 5.037 5.049 5.136 5.185 5.222
I, 0.467 0.428 0.274 0.177 0.115
I, 0.550 0.502 0.329 0.213 0.139
I3 0.672 0.622 0.420 0.284 0.192
ILF 0.567 0.518 0.329 0.203 0.124
15 0.602 0.553 0.358 0.216 0.132
I, 0.587 0.536 0.348 0.223 0.141
17 0.810 0.741 0.500 0.323 0.203
Ig 0.752 0.694 0.467 0.303 0.139
19 0.835 0.763 0.517 0.3%3 0.21k4
o 1.009 0.937 0.67k 0.466 0.326
I, 1.061 0.972 0.702 0.488 0.339
I.5 1.137 1.057 0.794 0.592 0.475
I13 1.186 1.116 0.830 0.613 0. 474
Iy 14192 1.120 0.913 0.742 0,592
Note: All "BI" and "I" values in millivolts.




Nozzle Diameter

0.250 in.

Vertical Setting, Z_ - 1.75 in. 66
Approximate Zn/D .7 ‘
Barometric Pressure - 30.446 in. Hg.

APPROX. RE. 67,500 54,000 26,000 14,000 6,700
Pl—Pz(in.HZO) 31. L4 22.52 5.53 1.38 0.38
Pl—PB(in.Hao) 29.00 20.80 5.00 1.15 0.52
PZ—PO(in.Hg.) 5.72 3.93 0.90 0.30 0.15
PB-PO(in.Hzo) - - - - - - -~ - -

TO(Deg.> 8L4.70 84 .4o 84.60 84,40 84.50
TA(MV.) 1.550 1.543 1.545 1.549 1.558
T, (MV.) 5.370 5.372 5.373 5.373 5.373
BI, 5.107 5.132 5.210 5.263 5.290
BI, 5.089 5.112 5.200 5.256 5.288
BI3 5.012 5.043 5.153 5.226 5.264
BI, L.oL7 L.989 5.106 5.192 5.238
315 Lh.9z2 L.963 5.080 5.168 5.216
BI, Loo7k 5.001 5.090 5.164 5.206
I, 0.520 0.381 0.248 0.170 0.122
12 0.526 0.476 0.309 0.207 0.147
13 0.543 0.497 0.339 0.229 0.162
I, 0.524 0.475 0.306 0.201 0.140
15 0.563 0.509 0.331 0.218 0.148
T¢ 0.547 0.501 0.330 0.216 O.1kh
I, 0.777 0.71k 0.478 0.318 0.227
Ig 0.728 0.662 0.448 0.301 0.211
I9 0.800 0.737 0.500 0.331 0.232
L0 0.963 0.894 0.633 0.425 0.313
1.4 0.993 0.925 0.663 0.451 0.335
15 1.098 1.048 0.776 0.554 0.429
113 1.137 1.077 0.787 0.567 0.435
Iy 1.146 1.089 0.874 0.678 0.559

Note: A1l "BI"

and "I" values in millivolts.




Nozzle Diameter

Vertical Setting, a -

Approximate Zn/D

Barometric Preéssure -

0.250 in.

3.50 ine

14

30.446 in. Hg.

67

APPROX. RE. 67,500 54,000 26,000 14,000 6,700
1 2(1n JH, o) | 31.08 22.61 5.64 1.50 0.35
1 3(1n ;| o) 28.71 20.90 5.22 1.47 0.50
2 P,(in. Hg ) 5.68 3.95 0.95 0.31 0.15
3 O(ln H O) - - - - - - - - - -
O(Deg ) 84.80 84.80 84.20 8k, 20 84,40
A(MV ) 1.550 1.550 1.558 1.566 1.568
T, (MV.) 5.376 5.374 5.377 5.377 5.376
BI, 5.112 5.143 5.215 5.26k 5.297
BI, 5.099 5.125 5.202 5.260 5.295
315 5.038 5.072 5.168 5.241 5.277
BIq 5.014 5.043 5.140 5.222 5.263
BI L.9388 5.018 5.118 5.204 5.244
BIZ 5.020 5.052 5.128 5.206 5.243
Il 0.448 0.410 0.273 0.189 0.131
I2 0.527 0.475 0.376 0.224 0.148
15 0.550 0.509 0.358 0.252 0.172
I, 0.530 0.479 0.324 0.216 0.145
15 0.550 0.500 0.338 0.223 0.145
I 0.536 0.503 0.342 0.226 0.147
I7 0.713 0.652 0.451 0.286 0.195
Ig 0.668 0.612 0.k25 0.277 0.189
I9 0.727 0.672 0.466 0.297 0.204
0 0.831 0.762 0.538 0.354 0.262
I 0.853 0.787 0.568 0.373 0.268
I12 0.910 0.843 0.624 0.445 0.340
113 0.952 0.887 0.65kh 0.465 0.3k2
Iy 1.003 0.948 0.748 0.539 0.hk21

Note: A1l "BI" and

"I" values in millivolts.




Nozzle Diameter - 0.250 in.
Vertical Setting, Z2_ - 5.00 in.
Approximate Z /D % - 20

Barometric Préssure 30.446 in. Hg.

APPROX. RE. 67,500 54,000 26,000 14,000 6,700
1 2(1n H, 0) | 31.44 22.48 5.56 1.43 0.31
1 3(m -H, o) 29.02 21.76 5.15 o 1.36 0.37
2 O(ln Hg ) 5.73 3.90 0.90 0.23 0.10
3 O(ln H O) - - - - - - e - - -
O(Deg ) 84.60 84 .40 83.60 73.00 §2.80
T, (MV.) 1.554 1.548 1.545 1.53 1.51
w(Mv ) 5.378 5.380 5.380 5.370 5.370
BI, 5.126 5.148 5.225 5.262 5.297
BI, 5.115 5.136 5.218 5.262 5.296
513 5.078 5.103 5.193 5.248 5.283
BI, 5.057 5.083 5.179 5.232 5.269
-315 5.037 5.062 54150 5.212 5.253%
BI, 5.068 5.087 5.163 5.22% 5.261
1, 0.460 0.416 0.279 0.192 0.130
I, 0.5454 0.492 0.329 0.223 0.1k2
13 0.577 0.522 0.359 - 0.249 0.163
Ty 0.522 0.470 0.310 0.205 0.133
15 0.543 0.488 0.326 0.215 0.133
T¢ 0.528 0.481 0.324 0.213 0.136
17 0.647 0.586 0.397 0.262 0.175
Ig 0.609 0.548 0.379 0.250 0.163
I9 0.656 0.596 0.410 0.265 0.177
IlO O.741 0.676 0.473 0.320 0.2371"
I 0.76k 0.703 0.498 0.332 0.235:
I 0.810 0.761 0.576 0.408 0.32h
14 0.866 0.808 0.615 0.h34 0.335
A 0.92k 0.863 0.673 0.468 0.374

Note: A1l "BI" and "I" values in millivolts.



Nozzle Diameter - 0.250 in.
Vertical Setting, Z 7.50 in.
Approximate % /D 30

Barometric Préssure 30.475 in. Hg.

1

APPROX. RE. 67,500 54,000 26,000 14,000 6,700

Pl-P2<in.H20) 31.04 23.00 5.53 Co1l.4h 0.32
Pl—PB(in.Hao) 28.65 21.22 5.08 1.45 0.43
PZ—PO(in.Hg.) 5.67 3.99 0.91 0.30 0.10 .
PB—PO(in.HeO) - - - - - - - - - -
TO(Deg.) 82.0 81.5 82.2 82.4 82.6
TA(MV.) 1.473 1.459 - 1.473 1.488 1.481
T, (MV.) 5.383 5.372 5.383 1.383 5.3%83
BI, 5.152 5.176 5.237 5.282 5.310
B12 5.148 5.168 5.239 5.286 5.312
315 5.125 5.148 5.224 5.274 5.303
BI, 5.112 5.133 5.209 5.262 5.283
BI 5.093 5.111 5.196 5.253 5.284
BI, 5.154 5.185 5.229 5.278 5.303
1, 0.457 0.415 - 0.273 0.189 0.128
I, 0.503 0.459 0.322 0.221 0.154
13 0.579 0.525 0.334 0.230 0.161
Iy 0.463 0.427 0.274 0.182 0.127
g 0.485 0. 447 0.290 0.189 0.128
I¢ 0.480 0.4k42 0.281 0.182 0.122
L, 0.562 0.517 0.341 0.236 0.168
1g 0.530 0.493 0.323 0.215 0.150
Iy 0.571 0.523 0.348 0.22k 0.148
L5 0.628 0.581 0.398 0.279 0.206
L4 0.648 0.609 0.420 0.282 0.201
L5 0.686 0.650 0.457 0.333 0.253
112 0.743 0.706 0.509 0.357 0.258
Iy 0.799 0.749 0.571 0.410 0.301

Note: A1l "BI" and "I" values in millivolts.



Nozzle Diameter

Vertical Setting, Zn

Approximate Zn/D

Barometric Pressure

0.250 in.
9.94 in.

ko

20.362 in. Hg.

APPROX. RE. 67,500 54,000 26,000 14,000 6,700
1 P (in.H O) 31.85 22.55 5.58 1.47 0.33
1 3(ln.H 0) | 29.34 20.68 5.05 1.35 0.30
2 O(ln Hg. ) 5.90 3.95 0.86 0.25 0.1
3 O(ln H o) - - - - - - - - - -
O(Deg ) 87.0 86.0 86.0 86.0 86.0
T, (MV.) 1.589 1.589 1.598 1.603 1.603
T, (MV.) 5.380 5.378 5.376 5.371 5.370
BI, 5.188 5.208 5.262 5.294 5.318
BI, 5.185 5.200 5.259 5.296 5.318
313 5.164 5.180 5.242 5.284 5.311
qu 5.152 51.72 5.232 5.282 5.301
BI 5.149 5.159 5.219 5.271 5.296
BI, 5.189 5.202 5.251 5.289 5.310
Il 0.376 0.337 0.219 0.152 0.111
I, 0.390 0.344 0.233 0.154 0.11k
13 0.473 0.419 0.279 0.185 0.126
I, 0.391 0.349 0.224 0.155 0.110
15 0.387 0.342 0.228 0.193 0.100
I¢ 0.403 0.358 0.236 0.152 0.105
17 0.h6h O.b1k 0.281 0.195 0.1k42
Ig 0.449 0.400 0.273 0.173 0.147
19 0.465 0.418 0.280 0.177 0.125
Ilo 0.522 0.470 0.331 0.232 0.169
Ill 0.536 0.487 0.346 0.180 0.152
15 0.549 0.498 0.35kL 0.2k2 0.177
Il3 0.585 0.530 0.383 0.238 0.177
Iy 0.621 0.570 0.417 0.278 0.202

Note: A1l "BI" and "I" values in millivolts.




Nozzle Diameter

Vertical Setting, Zn

Approximate Z_/D

Barometric Preéessure

| I S B

0.250 in.
12.31 in.
50

30,362 in. Hge.

71

APPROX. RE. 67,500 54,000 26,000 14,000 6,700
P, -P,(in.H,0) | 30.80 22.35 5.56 1.65 0.35
Py -P;(in.H,0) | 28.20 20.40 5.05 1.48 0.3
Pa—PO(in.Hg.) 5.57 3.8% 0.9 0.3 0.1
PB—PO(in.Hao) - - - - - - - - - -

TO(Deg.) 85.5 86.0 86.0 8600 86.0
TA(MV.) 1.554 1.558 1.577 1.596 1.599
TW(MV.) 5.371 5.377 5.384 5.387 5.388
BL, 5.21k 5.231 5.278 5.306 5.327
BIg 5.208 5.223 5.273 5.303 5.327
513 5.187 5205 5.259 5.29% 5.319
BI, 5.185 5.199 5.255 5.291 5.319
B15 5.172 5.187 5.243 5.284 5.313
Blg 5.215 5.251 5.273 5.303 5.323
I 0.348 0.317 0.213 0.154 0.111
I, 0.35k4 0.317 0.21k 0.147 0.101
I 0.406 0.360 0.237 0.164 0.112
Iy 0.359 0.323 0.211 0.153 0.106
Ig 0.365 0.313 0.199 0.133 0.081
Ig 0.365 0.32k 0.218 0.145 0.09k
I, 0.425 0.388 0.267 0.190 0.133
Ig 0.ko2 0.372 0.252 0.173 0.100
Ig 0.428 0.389 0.264 0.175 0.111
s 0.476 0.4%7 0.308 0.21k 0.145
14 0.469 0.433 0.305 0.197 0.125
1o 0.480 0.h4h7 0.315 0.215 0.142
I3 0.506 0.473 0.338 0.218 0.1k42
1.y 0.526 0.491 0.353 0.240 0.163

Note: A1l "BI" and "I" values in millivolts.




Nozzle Diameter - 0.375 in.
Vertical Setting, Z2_ - 0.375 in.
Approximate Z /D " 1

Barometric Préssure 30.162 in. Hg.

APPROX. RE. 67,500 54,000 26,000 14,000 6,700
Pl—Pz(in.HZO) 5.88(in.Hg 4.Ol(in.HF) 15.98 L,o1 0.92
l-PB(in.Hzo) - - - - 14.52 3.58 0.78
P2~Po(in.Hg.) 2.25 0.96 0.34 0.1 0.05
3~Po(in.H20) 37.37 2L.86 - - - - - -
TO(Deg.) 88.0 87.80 87.50 87.50 87 .40
T, (Mv.) 1.618 1.619 1.627 1.634 1.632
TW(MV.) 5.361 C5.362 5.360 5.360 5.360
BI, 5.117 5.165 5.215 5.260 5.296
BI, 5.093 5.128 5.198 5.251 5.290
BI, 4.903 L.952 5.076 5.169 5.238
BI, 4.939 4.989 5.088 5.168 5.238
BI; 5.049 5.091 5.163 5.212 5.255
BI, 5.081 5.113 5.173 5.214 5.247
1 0.401 0.373 0.258 0.164 0.094
i, 0.422 0.388 0.271 0.174 0.102
1 0.k2l 0.390 0.274 0.175 0.102
Iy 0.543 0.488 0.340 0.214 0.120
I5 0.552 0.499 0.346 0.218 0.12k4
Ig 0.572 0.521 0.363 0.227 0.130
17 0.800 0.725 0.523 0.341 0.206
Ig 0.756 0.683 0.500 0.331 0.198
19 0.806 0.732 0.538 0.351 0.211
Lo 0.946 0.861 0.646 0.466 0.288
14 0.987 0.906 0.687 0.496 0.313
I 0.863 | 0.792 0.63k 0.497 0.3k42
113 0.898 0.831 0.676 0.527 0.363
Iy 0.861 0.819 0.681 0.539 0.398

Note: A1l "BI" and "I" values in millivolts.



Nozzle Diameter - 0.375 in.
Vertical Setting, Zn - 1.50 in.
Approximate Z_/D - L

Barometric Préssure %0.162 in. Hg.

APPROX. RE. 67,500 54,000 26,000 14,000 6,700
1 P, (in.H,0) $.98(in.Hg.] 4.00(in.Hg) 15.8%4 k.07 0.9%
1 3(m JH o) - - - - bkl 3.68 0.80
2 P,(in. Hg ) 2.27 1.43 0.3k 0.1 0.06
P- Py(in.H 50) | 37.62 2k, 3L - - - - - -
Ty (Deg. ) 87.20 87.50 87.60 87.40 87.40
T, (MV.) 1.599 1.599 1.607 1.617 1.626
T, (MV.) 5.360 5.360 5.360 5.362 5.362
BI, 5.133 5.154 5.216 5.264 5.297
BI, 5.102 5.130 5.198 5.252 5.240
BI3 k.o15 Lok 5.082 5.175 5.243
BI, k.979 5.018 5.112 5.192 5.2k
BI5 5.087 5.099 5.168 5.218 5.259
Blg 5.106 5.115 51175 5.217 5.253
1, 0.437 0.392 0.262 0.172 0.105
I, 0.452 04400 0.274 0.183 0.113
13 0.455 0.405 0.274 0.181 0.113
Iy 0.569 0.502 0.3%0 0.219 0.130
s 0.596 0.528 0.354 0.235 0.139
Ig 0.605 0.5k44 0.368 0.2kl 0.140
1, 0.792 0.713 0.504 - 0.332 0.203
ig 0.772 0.696 0.497 0.336 0.207
g 0.822 0.736 0.526 0.346 0.209
Lo 0.895 0.815 0.597 0.418 0.288
11 0.943 0.863 0.567 0. bk 0.313
I 0.913 0.828 0.633 0.478 0.347
113 0.928 0.851 0.663 0.517 0.37L
Iy 0.910 0.852 0.707 0.562 0.417
Note: A1l "BI" and "I" values in millivolts.




Nozzle Diameter
Vertical Setting, Zn
Approximate Z_/D

Barometric Preéessure

0.375 in.
2.625 in.

7

30.162 in. Hg.

APPROX. RE. 67,500 54,000 26,000 14,000 6,700
1 2(1n H, 0) $.96(in.Hg.) 4.03(in.HE) 15.93 4.00 1.00
1 3(1n .H o) - = - - 14,47 3.64 0.85
2 O(ln Hg ) 2.26 1.45 0.39 0.12 0.06
3 O(ln ", 0) | 37.60 2k .65 - - - - - -
O(Deg ) 87.40 86.80 85.70 86.00 86.40
T, (MV.) 1.600 1.601 1.593 1.599 1.609
T, (MV. ) 5.359 5.360 5.360 5.361 5.364
BI, 5.126 5.151 5.221 5.269 5.299
BI, 5.097 5.124 5.201 5.258 5.292
313 L.g929 - L.969 5.092 5.189 5.250
BI, k.995 5.031 5.151 5.217 5.258
BI5 5.055 5.082 5.1654 5.222 5.260
BI, 5.082 5.111 5.166 5.222 5.263
I 0.446 0.398 0.266 0.176 0.11k4
I, 0.443 0.398 0.284 0.190 0.123
13 0.448 0.398 0.281 0.186 0.120
I, 0.564 0.504 0.3329 0.216 0.132
I 0.578 0.520 0.369 0.239 0.148
I¢ 0.584 04517 0.360 0.232 0.143
17 0.760 0.685 0.473 0.303 0.187
Ig 0.736 0.665 0.488 0.320 0.20k4
Ig 0.773 0.698 0.492 0.315 0.194
1o 0.836 0.759 0.557 0.371 0.245
14 0.887 0.813 0.604 0.405 0.278
I, 0.896 0.833 0.642 0.453 0.317
I13 0.945 0.878 0.688 0.503 0.357
Iy 0.987 0.948 0.764 0.580 0.419

Note: A1l "BI" and

"I values in millivolts.




Nozzle Diameter

0.375 in.

7’5

Vertical Setting, 2 5.25 in.
Approximate Z /D oo 1k
Barometric Préssure - 30.203 in. Hg.
APPROX. RE. 67,500 54,000 26,000 14,000 6,700
1 -P,(in.H 0) |5.90(in.Hg{) 4,01 (In.Hg) 15.97 3.93 0.9k
1 3(1n.H 0) - - - - 14.54 3.49 0.86
2 P,(in.Hg. ) 2.26 1.46 0.35 0.10 0.05
3 O(ln H, 0) | 37.15 2k.73 -~ - - - -
O(Deg ) 86.90 86.60 86.10 86.10 86.20
A(MV ) 1.612 1.601 1.575 1.578 1.592
w(MV ) 54353 563553 5.35k 5.355 5.353
BI, 5.137 5.160 5.221 5.267 5.295
BI, 5.121 5.1kk 5.201 5.258 5.290
BI, k.993 5.032 5.130 5.210 5.259 "
BI, 5.054 5.085 5.163 5.228 5.269
315 5.033 5.062 5.140 5.213 5.262
BI, 5.087 5.110 5.172 5.233 5.272
1, 0.458 0.409 0.287 0.189 0.126
I, 04428 0.391 0.276 0.183 0.122
13 0.46L4 0.413 0.297 0.196 0.129
I, 0.542 0.485 0.333 0.210 0.133
Is 0.572 0.516 0.370 0.240 0.153
Ig 0.572 0.510 0.359 0.232 0.148
I, 0.636 0.566 0.4ok 0.260 0.165
Ig 0.647 0.584 0.430 0.282 0.180
9 0.672 0.603 0.428 0.278 0.178
L0 0.699 0.630 0.458 0.308 0.203
I3 0.757 0.681 0.499 0.337 0.223
I 0.752 0.697 0.525 0.359 0.233
113 0.807 0.742 0.567 0.388 0.261
Iy 0.842 0.786 0.613 0.413 0.279
Note: All "BI" and "I" values in millivolts.




Nozzle Diameter
Vertical Setting, 2 -
Approximate % /D ©
Barometric Préssure

- 0.375 in.

i

7.50 in.
20
30.203% in. Hg.

76

14,000

APPROX. RE. 67,500 54,000 26,000 6,700
1 2(1n H,0) 5.95(in.Hg.) 3.99(in.HE) 16.00 L.o6 0.94
l 3(:Ln .H O) - - - - 14.56 3.63 0.87
2 o(ln Hg ) 2.30 1.45 0.38 0.10 0.08
Py- Py (in.H,0) 38.03 24,37 - - - - _
T,(Deg. ) 87.60 87.60 87 .40 87.20 86.80
T, (MV.) 1.612 1.605 1.600 1.593 1.597
W(Mv ) 5.343 5.343 5.343 5.341 5.353
BI, S5.1hk 5.168 5.220 5.266 5.299
312 5.136 5.161 5.218 5.262 5.297
BI3 5.039 5.075 5.153 5.219 5.270
BI, 5.091 5.123 5.179 5.233 5.232
315 5.074 5.103 5.163 5.219 5.276
BI, 5.118 5.140 5.197 5.242 5.288
I, 0.433 0.390 0.272 0.182 0.121
I, 0.423 20.378 0.263 0.178 0.116
13 0.441 0.398 0.275 0.181 04118
I, 0.476 0.428 0.292 0.192 0.121
15 0.524 0.469 0.316 0.208 0.137
Ig 0.503 0.453 0.306 0.199 0.124
17 0.554 0.502 0.342 0.2%2 0.154
Ig 0.571 0.521 0.357 0.241 0.164
Ig 0.576 0.519 0.353 0.237 0.147
I, 0.596 0.557 0.397 0.281 0.188
I.q 0.634 0.587 0.422 0.299 0.194
I, 0.640 0.588 Ouhbl 0.307 0.192
115 0.676 0.624 0.469 0.326 0.202
Iy 0.679 0.643 0.499 0.343 0.221
Note: All "BI" and "I" values in millivolts.




Nozzle Diameter
Vertical Setting
Approximate Z_/D

Barometric Préssure

7Zn—

[}

0.375 in.
11.25 in.

30

30.203 in. Hg.

14,000

APPROX. RE. 67,500 54,000 26,000 6,700
1 2(1n H o) 5.95(in.Hg} 4.02(In.Hg) 16.04 L,ok 0.93%
1 3(m .H o) - - - - 14.60 3.64 0.86
2 O(ln Hg ) 2.28 1.47 0.40 0.11 0.06
3 O(ln H o) 37.88 2k.82 - - - - - -
O(Deg ) 87.40 87.60 87.60 87.40 87.20
A(Mv ) 1.615 1.614 1.624 1.628 1.626
w(MV ) 5.350 5.352 5.358 5.360 5.352
BI, 5.184 5.206 5.256 5.291 5.304
BI, 5.182 5.205 5.251 5.287 5.302
BI3 5.106 5.138 5.203 5.256 5.282
BI, 5.153 5.171 5.229 5.271 5.295
315 5.139 5.163 5.220 5.269 5.294
BI6 5.179 5.198 5.246 5.284 5.302
I, 0.365 0.3.9 0.232 0.160 0.111
12 0.355 0.319 0.228 0.152 0.106
I3 0.373 0.331 0.238 0.161 0.109
I, 0.388 0.342 0.243 10.168 0.115
I 0.417 0.369 0.272 0.173 0.112
Ie 0.ko1 0.359 0.256 0.168 0.110
17 0.440 0.392 0.292 0.200 0.135
Ig 0.457 0.hokh 0.305 0.201 0.132
I 0.467 0.413 0.300 0.200 0.122
Lo 0.469 0.423 0.324 0.223 0.140
I 0.507 0454 0344 0.226 0.123
112 0.498 0.456 0.347 0.236 0.146
113 0.533 0.487 0.367 0.243 0.145
Iy 0.530 0.487 0.368 0.248 0.152

Note: All "BI" and "I" values in millivolts.




Nozzle Diameter

Vertical Setting,

Z
n

Approximate Z_/D
: n
Barometric Preéssure

tr ot

0.375 in.
15.00 in.
ko

30.203 in. Hg.

78

APPROX. RE. 67,500 54,000 26,000 14,000 6,700
l 2(1n H, 0) $.88(in.Hg.} 4.00in.Hg) 16.27 4,00 0.93
1 3(1n B o) - - - - 14.80 3.58 0.87
2 O(ln Hg ) 2.20 1.47 0.36 0.10 0.07
Py- Py (in.H,0) 36.77 2k 4o - - - - - -
O(Deg ) 86.00 86.20 86.60 86.80 86.90
T, (MV.) 1.585 1.586 1.59% 1.607 1.614
T, (MV.) 5.358 5.361 5.361 5.362 5.362
BI, 5.212 5.230 5.269 5.297 5.317
BI, 5.214 5.231 5.268 5.298 5.318
BI, 5.151 51175 5.232 5.272 5.30L4
BI, 5.191 5.208 5.261 5.288 5.313
515 5.185 5.203 5.249 5.283 5.310
BI. 5.230 5.243 5.272 5.301 5.320
I, 0.333 0.292 0.209 0.147 0.112
I 0.319 0.276 0.200 0.129 0.088
I, 0.345 0.300 0.213 0.140 0.095
I, 0.340 0.302 0.215 0.143 0.104
Iy 0.354 0.308 0.221 0.139 0.091
Ig 0.357 0.317 0.220 0.145 0.095
17 0.371 0.333 0.240 0.167 0.106
Ig 0.368 0.329 0.236 0.154 0.102
19 0.389 0.350 0.217 0.163 0.100
I, 0.395 0.358 0.263 0.178 0.113
I 0.384 0.386 0.2k 0.180 0.10kL
I, 0.411 0.%3 0.271 0.176 0.115
113 0.439 0.400 of282 0.182 0.113
Iy 0.470 0.412 0.302 0.189 0.136
Note: A1l "BI" and "I" values in millivolts.
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