





















































Figure 3 — Cathode-Grid-Terminal Assembly of ML-8618,

‘(;‘. rid-Plate
Cathode-Plate
Cathode-Grid

50 pF

9.3 pF*
145 pF
Tube Applications
Pulse Modulator or Pulse Amplifier

With the aid of the constant grid voltage characteristics
in Figure 6, points “A™ and “B.”"a typical pulse modulator
application, resulting in siitching power of about 7 megu-
watts at .00 duty is ‘tabulated below:

Plate Voltage T 50kV

Plate ll)'ru]) ) = 3kV

Load Voltage o, = |7TkV
Plate Current in 150 amps

Cut-Off Voltage
Positive Grid
Drive Voltage ¢,

—F, ==

1000 volts

= 1500 volts

Grid Current e == 2. amps
Power Output P, = g, X e = T05 Mw
Plate Dissipation Py =1, x ¢ x duty = 27 kW
Peak Grid

Drive Power P = i.x (eg+ EJ) = 13.2kW
Grid Dissipation Py 7 X e X duty = 216 walts
Switch Efficiency  PJAP; = 94 percent
Power Gain = 7.05 Mw,/13.2 kW == 500

Under these operaling conditions. the tube may be oper-

VOL. 22, NO. 4, 1965

Figure 4 — Anode Assembly for ML-8618 Showing Cooling-

Fins.

ated in air or other dielectric medium. Pulse length of 10
milliseconds may be used as long as the maximum duty
[actor of 67

# (.00) is not exceeded.

Al nominal filament voltage. E; == 7.5 volts, the maxi-

mum pulse current, which may be obtained from the cath-

ode- of the ML-8618 tube is about 200 amperes. Under such
conditions, the tube should have: a catliode life expectaney

of more than 10,000 hours. 1E one requires more cathode

current. the filament voltage may be increased by about 55
7, which will provide cathode currents of about 250

to 300 amperes. Under such conditions the cathode life still

will he several thousands of hours, which in many app]iea-
tions may he completely satisfactory.

In any pulse modulator application. ohservance of maxi-
mum tube ratings is required. hu practical application, one

shoilld be conscious of possible circuit transient conditions

and allow for their peaks, to guaranted that the maximum

tube ratings are not exceeded. The use of fast-acting crow-

bar civenits, which will remove energy from a flash arcing

tube 1o a shunting circuit is positively required® ",
However, the unique grid desizn of the ML-8618 tube,

which employs heavy grid rods of about .070” diameter,

will be much less-apt to he damaged by flash arcing in the

tube. as might be the case in conventional tubes, in which
the grid wires are considerably thinner: L.e, between 0127
and 0307,









effects, derating of tubes is required primarily by the in-
créase in circulating high frequency: currents through the
tube, resulting in associated losses and heat generation.

For operation below 100 Me, the tube designer is mainly

concerned with the losses which will appear in the tube and

has to consider .all aspects to minimize such losses. Electron

transit time effects are of secondary importance in this

frequency range since practical electrode spacings are stiil
compatible with electron transit time. The main limitations
are found in the seal area which casily may be overheated
by the large circulating currents which have to flow through
the relatively lossy (I*R) ceramic-metal seal interfaces.

In a triode, the most critical seals are the anode and grid
metal to ceraniie seals. The rf voltage is high between grid
and anode and consequently the circulating currents are
liigh.

“anode
ceramic” is of relatively large diameter (see F igure 5). This

In the ML-8618 the grid-anode insulator or

design has been chosen in order to achieve a simple techni-

cal solution for the transition from the round terminal to

the rectangular anode. The large diameter also gives large
ceramic-melal seal areas. permitting relatively high {re-
quency limits under full voltage ratings,

The frequency limit up.to which full voltage ratings apply
can he determined from the rf current carrying capability
of a well established tube for which practical experience
exists for high frequency operation. This data can then be
used o establish ratings for a new tube such as the ML-
8018. Of course, the seal construction should be essentially
identical for both tubes and the cooling aspects and the high
frequency heating of other tube parts has to be taken into
consideration. Further, since seal losses go up with the
[requency, the comparison should be made. preferably at
the same frequency level. Alternatively, the rating could be
hased on practical data ohtained at higher fréquencies since
this would merely introduce a safety margin for the new
tube.

The high frequency current which flows over the anode
ceramic-metal junction is governed by the expression:
T =2xsxIxClsxV,
where I = peak rf current in amperes
I = [requeney in cycles
Ce.n =grid-anode interelectrode capacitance

in Farads
V), = peak rf voltage in volts
With this cquation and known seal diameters. it can be
determined how many amperes of circulating current flow
per inch of seal length in a given tube, To arrive af a con-
servative rating for the ML-8618, the high frequency tet-
rode ML:7007, which has been used extensively in tele-
vision. service, was chosen for comparison purposes. This
tube has compres

employed. in the ML-8618. The ML-7007 has a maximum
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Permissible rf current: I = 10 x 22.7

sion seals which are very similar to those

a-un

Figure 10 — ML-8618 Tube and Water Jacket-Magnet As-
sembly.

plate voltage rating of 7,500 volts which applies up to 220
Me, a plate-screén capacitance of 21 pF and anode and
screen grid ceramic-metal seal diameters of 4.5”. The

‘maximum peak plate rf voltage in Class C operation will be

in the order of 5,000 volts. Accordingly, the circulatinig

current is:

I = 27 x 220 x 106 x 21 x 10-'*x 5x 10 = 145 am-
The current per m('h of seal circumference is then:
= 145/7 x 4.5 = 10 amps.in
If 10 amperes/lincar inch is taken as the safe upper limit,
the frequency limit for the ML-8618 can be established from
ahove relations as follows:
Class C operation peak rl vollage approx. 16 kV
grid-plate capacitance = 50 pF
seal length 7.25 Dia.x 7 = 22.7%
= 227 amperes
Maximun frequency for full voltage rating:
I 227

{ = — — ==z — ‘ =45 Mc
2zx (i xV, 2= x50x10-*x 16 x 10

pl‘

Neglecting lower seal losses at the reduced frequency, the

[Tull voltage ratings for the ML-8618 should probably apply
to about 50 Mc, hecause comparison has been made to a

tube operating at considerably higher frequencies. The
insulator and seal arcas have, of coursé, to be cooled. An
aiv flow of about 200 to 400 c¢fm. depending on the fre-
quency, evenly distributed’ over the ‘terminal should be
adequate ‘in order to maintain uniform envelope and seal

CATHODE PRESS





















was. the technique we chose to use on this. transmitter. The
pump inlét was connected directly into the side of the water
tank. Water out of the pump was fed to a small water radia-
lor mounted on the roof of the transmitter cabinets. Some
ol the air blown into the cabinets was exhausted through
this radiator. About 15 GPM of the cool water out of this
radidtor was fed back into the water tank. Another & GPM
was féd tlerIIgll the interplate inductor -and carrjer plate
inductor into the power ampliticr boilers. From a cold start ;
that is, with storage tank water at. ambient temperature, the
cooling' system. would bLecome temperature stabilized after
about onc-half hour runming at full power output. The
storage tank water would seftle at ahout 208°F and the
small radiator outlet water at ahout 150°F. As mentioned
previously, some of this 150° water was fed to the boilers
through the plate inductors. In the plate circuit configura-
tion, these inductors made direct metallic conticctions lo the
boilers and although theéy didn't require water cooling, they
provided a means for plumbing the inlet boiler water with-
out having to use fragile insulated pipe, and made possible
the use of only one anti-electrolysis target at the point where
the de plate voltage tied onto the plate inductor. Tn addition,
since this point is at the cold énd of the plate inductor, the
length of insulating pipe to the grounded water system was
about half that which would be required if an insulated
fred were used directly to the hoiler.

Vapor vs. Water

In gaining experience with vapor cooling systems, one
has to hecome conditioned to the fact that parts associated
with the cooling system will run_hot. The hottest external
meétallic parts of water, or air cooled components will run
at about 160°F, whereas in vapor cooling they will run at

212°F, What's more, the components used in vapor systems
F P ¥

generally are bulkier than their water cooled counterparts.
This doesn’t mean to imply that the total system is more
massive because it isnt — hut the hoiler and connecting
steam pipes whichare in the transmitter cubicles are bigger.
These larger components will give off more radiant heat by
virtue of their greater mass and higher temperatures. In
order to recognize. the advantage

over water cooling we need to compare the relative size of
components required for cach at the same power level.
First, the water cooled counterpart would require a pump
that would deliver 60 to 70 GPM of water to the two tubes
ata pressure of 15 to 20 pounds per square inch. The vapor
system requires only about 1047 of this How and pressure
with a correspondingly great reduction in pump horse:
power. Sccondly, since water cooled systems generally re-
strict outlet water temperature to about 160°F, the surface
area and air flow requirements of the heat exchanger radia-
tor ;are -about triple that needed for vapor cooling which
has entering steam temperature of 212°F. Third, because
of the greater water holding capacity of the water cooled

system due to large radiators and associated long pipe
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of vapor phase vooling

lengths; a storage tank of at least 500 gallonis capacity would
he required. For vapor cooling, a fifty gallon tank is more
than adequate. The end result is a cooling system that

oceupies from 25 1o 30% of the space volume required for

water cooling with a similar reduction in pump and fan
horsepower requirement. These improvements allow for
more .compact overall transmitter design and increased
power efficiency.

Low Loss Tank Circuit

A part of the design objectives in this transniitter was

high overall eéfficiency ; that is, conversion of a great amount

of the 60 cycle ac input power to rf power into the antenna.
The high efficiency amplifier with its attendunt requirement
of low rf drive and modulator power accomplished this. In
order to further improve overall efficiency, and for other
reasons, it was decided to utilize a low loss toroidal tank
inductor in the output tank circuit. Continental Electronies
has had considerable experience in design and construction
of this type inductor dating hack to the early 50’ when one
was used in the output tank of a 500 kW low frequency
transmitter. Since then, toroid coils have been designed into
high power VLF and HF equipment,

The principal feature of the toroidal inductor is its high:
merit *Q." Helical coils as (~onv0ut‘ionally used ‘in ‘trans-
mitters mll usually have a “Q.” that is, a ratio of reactance
to resistance of about 200 for a well designed coil with
adequate spacing to its shield compartment. On the other
liand, a properly designed toroid will have a “Q™ of 2000.
Liet’s look at this in terms of power loss for a 250 kW -trans-
mitter.

The output tank circuit was designed for a loaded Q of
45 that is, the ratio of kVa over kW of the parallel resonant
(‘i.l cuit, not to be confuséd with the merit Q of the tank coil
and condenser. At this. value of loaded Q,' the tank circuit
has a circulating current of 184 amperi:s at carrier level,
The inductive reactance of the required coil is: 30 ohms. The
equivalent rf resistance of a helical coil having a merit Q
of 200 will therefore he:

R = .'_.Y.I.‘. o= ﬂ w
(6] 200

The power loss of this inductor with a circulating current

of 184 amperes will be:

184% x 15 == 5100 watts.

15 ohms.

The toroid inductor having a merit Q of 2000 will there-
fore have a power loss of one-tenth of 5100 watts, or 510
watts. Since the difference is about 4600 watts and is ob-
tained at 756 plate efficiency, then a reduction in trans-
mitter input power of 6150 watts is achieved by using the
toroidal coil.

The heat giveri off by the helical coil would require water
cooling. whereas the toroid coil with only 510 watts loss,
runs c¢ool with only convection cooling.




Another great advantage of the toroidal inductor is that
it can be mounted in close proximity to grounded panels
and shields without affecting its inductance or power loss.
A {ully shielded helical coil would require a much larger
cabinet enclosure.

Output Combining

In combining the rf outputs of two amplitude modulated
transmitters, there are several factors to be considered. First,
does the reliability specification dictate the use of one which
allows uninterrupted service in the event of failure of one
transmitter? Second, is a five or ten second interruption
with service restored at half power as good or as bad as
no interruption but with a reduction to 2554 power? The
answers to these are ordinarily spelled out in the customer’s
specification. Generally speaking, there are two types of
combining circnits — those which completely isolate one
transmitter from the other and those which do-hot. The ones
which don’t -are guite simple in form since they merely
connect the outputs either in series or in parallel. The cir-
cuits- which provide isolation take the form of hybrid rings
.and bridged tees and therefore require more: coils and con-
densers and also require a “waster”
This resistor is neeessary lo provide the proper load im-

or balance resistor.

pedance lo one transmitter in the event of failure of the
other transmitter. Since this resistor cffectively parallels the
antenna load. half of the output of one transmitter goes into
this load when the other is inactive. When both transmitters
are in service at equal outpit voltage and in phase, no power
is delivered to the balance resistor,

Transmitters in Series
Some economie considerations plus the inherent simplicity
of series combining dictated its usé in this transmitter.

Parallel combining was rejected. because of the large rf

currents involved in the low impedance cireuits that come
with high power transmitters ‘in parallel.

In a single ended series comhining circuit, the output of
one transmitter has one terminal grounded but both output
terminals of the other transmitter are above ground by the

output voltage of the other transmiiter. For this reasonm, it

becomes necessary to use inductive coupling to the output
lank circuits of thie (ransmitters in order lo isolate the

“above ground™ output of one transmitter from its grounded.

tank 0011 A five turn fixed coupling loop was wound around
cach of the two. output tank inductors with a Faraday shicld
hetween the tank inductor and coupling link to minimize
capacitive coupling. This arrangement provided a 3 1o 1
resistance transformation ratios thatis, a 40 olim resistance
connected across the link was transformed up to 120 ohims
at the plate of the peak tube which is the proper value for
full power operation. A rather simple rf switching system
was devised which allowed individual or dual transmitter
operation with the output links connected in series. When
a single transmitter was connected to the antenna feed, the
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other one was automatically connected to the phantom an-
tenna. Since with feries combining the load impedance di-
vides in half between the two transmitter outputs, it is
neeessary lo provide two line matching networks, one to
transform the 230 ohm fecder line impedance down to 40
ohms for single transmitler operation. and another lo trans-
form 230 ohms to 80 vhms for dual operation.

Identical Twins

It becomes ohvious that this combining technique dictates
the necessity of both transmitters -coming on simultaneously
sin¢e if one came on before the other, it would sée an .80

-ohm load rather than its proper load of 40 olms. This prob-

lem was solved quite simply by holding off rf excitation to
both transmitters until their plate voltage circuits had cycled
on and then turning on rf drive to both with a single relay.
Likewise, an overload in cither transmitter would remove
drive to hoth by operaling this common relay.

I order to ensure the proper combining of two amplitude
modulated transmitters, several important conditions must
lie satisfied. First, the output voltages of hoth must be equal
in'amplitude and exactly in phase. Second, the gain through
the audio stages of cach must be identical with respect to
friquency and phase response. This is not difficult 1o ae:
complish with identical circuits even though most electrical
components have =10 tolerances. Since this type. of
transmitter is adaptable to the use of overall envelope feed-
back. then the amount of feedback must be identical for
both.

A single tf oscillator was used to drive both transmitters:
The output of the oscillator was coupled to the grids of two
separate buffer amplifiers with the buffer- grid tuning -con-
densers ganiged in such a way that as one was tuned on the
low side of rcsonance, the other was tunid on the high side
of resonance. This control was used to adjust the relative
phase of the driving voltage to each transmitter. The-
oscilloscope tuning indicators on the sceparate transmitter
control boards. placed side by side, were used to monitor
the proper setting of the phase control. Improper setting
would result in disorientation of the diagonal and elliptical
plate patterns displayed on the scopes.

In operation, the whole system proved rather non-critical
in adjustment of these operating parameters. In fact, dif-
ferences in audio level of as much as one dh made only
slight increase in distortion at 10067 modulation. Under
these conditions, one transmittet would be modulated 1006,

while the other was modulated one db over 1006z, or
approximately 110¢%

The High Voltage Rectifier

Just about every transmitter manufactured today will
utilize silicon rectifiers for all power supplies. Diodes are
available at low cost for most any application that may-

confront the designer. However, there are certain precau-
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— A Simplified Method for Calculating the Operating Parameters of Power Tubes

by PETER BLOODGOOD, Associate Engineer

DC Grid Voltage ......covecveneee. —12000 —1600 volis
Peak RF Grid Voltage ............ 1900 2120 volts
Peak RF Plate Voltage ............  8000° 12500 volts
DC Plate Current .oeeereveere. 10.0 7.0 amps.
DC Grid Current ..coipivennnnnee. 0.81 0.30 amp
RF Load Resistance ............... 440 970 ohms
Driving Power. approx. .......... 15 0.60 kW
Power Outpat, approx. ........... 72 80 kW

In Figure 1 will be found a graph of Constant Current
Clmract('nxma, also reproduced from the ML-6696 data
sheet, which is applicable to the region of operation given
in the table.

The following symbols will he used:
5, = DC Plate Voltage.
Q= lnstanlane(v)lm Value of Plate Voltage
¢, = Minimum Instantaneous Value of Plate Yollage
I, = Peak Value of RT Plate Voltage:
I, = DC Plate Current
i, = Instantaneous Value of Plate Current

I, = Peak Value of Fundamental Component of
Plate Current

P;. = E,I, = Plate Input Power

E.I,
r, -
P, = P;, — P, = Plate Dissipation

n - II))_::,z Efficiency

= RF Qulput Power

~

R = —;ﬂ' = RF Load Resistance
Lg
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L., = DC Control Girid Voltage (Bias)
¢., = Instantaneous Value' of Control Grid Voltage

= Mz’x.\'imum Positive Value ol Instantancous
C(m'llol Cirid Voltage

E, = Peak Value of RFF Control Grid Voltage

I., = DC Control Girid Current

ie, = Instantancous Value of Control Grid Current

I, = Peak Value of Fundamental Component of
Control Grid Current

LJ

Py = = Drive Power-

m=LdQ=mmmmm@mmn
P¢, = Pp — Pc = Control-Girid Dissipation
Re = Grid-Leak Resistance
. = DC Sereen Grid Voltage
I, = DC Screen Grid Current
= Inslantancous Value of Sereen Grid Current
P, = Sereen-Grid Dissipation

In order to use the Machlett Power Tube Calculator, an
operating line must first be drawn on the graph of constant
current curves between the quiescent, or bias, point Q and
the peak excursion point P, as shown in Figure 1. Normally,
the locations.of these points would be chosen tentatively by
the designer on the basis of his experience with Class C
:lnlliliﬁtrrs; and the caleulation process carried out to de-
termine if the resulting operation of the tube were within
the desired limits. Since it is intended 10 check the results
against those values listed in the 'table of typical operation,

coordinates for these points appropriate to the de plate and
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arid \foliagess‘. and to the peak rf plate and grid voltages

listed in the table will be used. The two coordinates K, ==
10,000 volts and E,, = —1200 vults determine the quies-

cent. or bias, point Q on the operating line. The peak

excursion point P on the operating line is reached at that
moment in time when the plate voltage is minimum and the
arid voltage at-its positive maximum. The minimum plate
vollage is equal to the difference between the de plate volt-
ge¢ and the peak rf plate voltage: &, = 10000 — 8000 =
2000 volts. The maximum positive erid voltage is the sum
of the de grid voltage and the peak rf grid voltage, viz.,
G, = —1200 4 1900 = 700 volts. The two coordinates
¢, = 2000 volts and &., = 700 volts determine the peak
excursion point P on the operating line, which may now be
drawn connecting point. P and point Q. In the half-cycle
during which the instantaneous grid voltage is nore nega-
tive than the hias vollage, the operating line extends an
equal distance beyound point Q, but since no current can flow
during this: portion of the cycle, drawing this half of the

wperating line scrves no purpose.

The Cosine Scale supplied with the Machlett Power Tube
Caleulator may now be used to locate the points on the
operating line at which the instantaneous plate and grid
currents are to be determined. Lay the transparent scale
over the constant current ¢urves in Figure 1 su that the

> on the scale are parallel to the operating line

“hase lines’
drawn betweeu P and Q on Figure 1. Keeping the “base
lines™ parallel to the aperating line, slide the scale until sides
OP and 0Q on the scale pass over points P and Q respec-
tively, on Figure 1. Belore recording current values, check
that these three conditions are [ulfilled: side OP on the scale
passes over point P on the figure, side 00 on the scalé
passes over point (Q on the figure, and the “base lines™ are

parallel to the operating line. The angle lines on the Cosine
Scale will now cross the operating line at points which are
15, 30, 15, ete., electrical degrees from the peak of the plate
current pulsé at point P. Now record on the Caleulation.
Chart the values of instantaneous plate cutrent iy, at these
points, interpolating between the constant plate-current lines
where necessary. Repeat this procedure using the constant
grid-current lines to obtain the valies of instantaneous grid
current i, at these points. (1[ the operation of a tetrode
were being analyzed. it would also be necessary to record
the screen grid currents at the same points.. A column on
the Calculation Chart is provided for this purpose.)
Calculation of the d¢ and fundamental components of the
plate and grid currents may now he carried out as indicated
on the caleulation chart. The average or de value of the
plate (grid) eurrent is found by summing the instantancous
values as shown and dividing by 12. To find the funda-
mental componerit of the plate ((grid) current, each instan-
tanepus value recorded must be multiplied by a factor which
depends upon the cosine of the electrical angleé at which it
was measured, as: indicated on the charl. The sum of these
values is then divided by 12 to obtain the peak value of the
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fundamental component of the plate (or grid) current.

After the de and fundamental frequency- components of
the plate and grid currents have béen computed, the rf out-
put power, dc input power, plate dissipation, cte.. may he
caleulated as. indicated on the chart. For example, the rf.
output power is equal to the product of the peak tf plate
voltage (I, = 8000 V) and the peak value of the funda-
mental frequency component (I, = 18 A) of the plate
current, divided by 2, or 72 kW.

It will be noted that the values of de plate current, de
grid current, rf load resistance, driving power. and power
output as calculated from the constant current curves using
the above procedure agree closely with the values given
under the typical operation chart. However, it must be
remembered that these are typical operating values, and
that the actual values

for ‘anv given tube must be expected
to. vary somewhat from the calculated values:

Principle of the Machlett Power Tube Caleulator

The technique employed in the Machlett Power Tube

Calculator for the analysis of power tube operation is.hased

upon two factors:

1. The existence of normal operating conditions in a
tuned power amplifier. The method is strietly appli-
cable to tuned Class B amplifiers and Class G ampli-
fiers and oscillators, where thie conduction angle of the
tube s 180° or less. although good results are also
obtained for Class AB, and AB. amplifiers.

2. A mathematical treatment of the non-sinuseidal cur-
rents in a power amplifiér based upon a Fourier Series
analysis of the current waveforms,

The plate current in a normal Class € rf amplifier fows
in short pulses of less than 180° duration and is therefore

not sinusoidal, hut contains barmonic frequencies in addi-
tion to the fundamental frequency. However, the rf plate
and 1l grid voltages are sine waves (180° out of phase for
a resistive load) because tlicy appear across resonant cir-
cuits, tuned to the same frequency. A plot of grid voltage
versus plate voltage for a Class C rf amplificr on mutually
perpendicular axes will therefore result in an operating line
that is a straight line. (Recall that two sine waves of the
same frequency and 180° out of phase will produce a
straight-line-trace  Lissajous pattern when applied to the
vertical and horizontal inputs of an oscilloscope.) Such a
plot of grid voltage versus plate voltage may most readily
be made on a graph of Constant Current Characteristic
curves for the tube undér consideration.

Figure 2 shows the result of plotting the variation in time
of the grid and plate voltages in a typical Class C rf ampli-
fier on a graph of constant current curves. The operating
line is shown as extending from the quieseent, or hias
point Q, whose coordinates are (E,, I5.) to the peak ex-
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where H, the heat transfer coefficient, is in calories per
square centimeter per second per degree Centigrade. Ty,
is the outside anode temperature, which is equal to the
temperature of the fluid in contact with it. The factor ,24
is the conversion of watts to calories. When the anode is
finned, the temperature of the anodeis given by —

P

H (A, 4 AE)
where P'is the power into the anode in watts, A, is the anode
area, and A is the area of the fins in contact with the
fluid. E is the effectiveness of the fin and is plotted in Figure
1 in terms of the fin length, thickness, and fluid heal transfer
coeflicient. The temperature rise of the fluid is given hy —

- P .
Toune — Tinw = 24— (4)

CJ‘P(’

where Tiape is the inlet temperature of the fluid, T et
is the-outlet temperature, p is the density of the coolant, and

T = 2 (3)

C, is the specific heat at constant pressure, and G is the flow
rate in cubic céntimeéters per second.*

(nce the inlet temperature is known, the maximum. teni-
perature of the outside of the anode can be found to he -
24P 24P

H{A,4 A L) CypG

The temperature of the inside ol the anode is then

Pt
T&jni}q!{” ontaide + '2{1’ e
A.K
From the above it will be roticed that the entire solution to
the heat transfer problem rests on finding H; the heat trans-
fer. coefficient.

Tinlv:l +

T;!nmh: Lt Vi

Tlnmulgi inside T

Description of the Heat Transfer Coéflicient, H.

[t should be noticed from the previous. section that a
knowledge of H coupled with formulac 1, 2, 3, and 4 com-
pletely determines the temperature of the system. The value
of H depends to a great extent on the {low conditions of the
fluid, thermal conductivity, and whether the fluid flow is
turbulent or viscous. In order to defermine whether the flow
is viscous-or turbulént; one can examine the I{éynd]ds num-
her. When the Reynolds number is below 2100, the flow is
viscous. When the Reynolds number is above 4.000. the flow
is turbulent. When the Reynolds number is between 2100
and 4,000, the flow is in a transitional region which may
intermittently break into turbulencée but is generally con-
sidered viscous.

In order to find the Reynolds number, RE, we use the
following formula -

"

RE (5)

*The following conversion may he helpful:
64 c¢ per second equals one gallon per minnte,
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The Reynolds number is dimensionless in a consistent sys-
tem of units. One convenient system is as follows:

G = flow rate in cc per sec

p = viscosity in poises

p = density'in grams per cc®

D, = equivalent-wetted diameter in centimeters
The quantity D, needs some explanation. It is four times
the hydraulic radius and is equal to -~

4 x cross sectional area of flow

Total wetted perimeter

As-an example, for a circular pipe the total wetted perimeter
is 27R. The cross-sectional area is #R2. Hence the equiva-
lent diameter is —

/]' — = 2R == Diameter of the Pipe
27zR

Of course the. cross-sectional area is that arca normal to

the flow velocity.
The heat transfer coefficient for turbulent flow, ie.,
Reynolds: number greater than 4,000, is given by —

. v.@ 13
H o= 023 ()4 K¢ (&) Ve (6)
\ 4

2
where everything has been. defined. previcusly, except for
V., which is the velocity of flow which is equal to
Flow rate G
Cross sectional area of flow

N. K

For viscous flow, H = -

(7)

o
where N, is Nusselt number and is plotted below as a
. R,.

function of P - R
L/D,

~

Co

-where P, is the Prandtl number equal t‘o.—l\—

and L is the length of anode used over which heat transfer
from the anode to the fluid takes place.

When the fluid is in the transitional region, i.e. Reynolds
number between 2100 and 4,000, it is probably preferable
to use the formula for turbulent flow when the Reynolds
number is greater than 3,000; and to use the formula for
viscous flow when the Reynolds number is below 3.000.

All the previous formulae which have heen given are
based on (fmpirical results. In general, the formula for
turbulent flow has been found to be rather accurate, while
the one for laminar flow scems to give too small a heat
transfer coeflicient for a given sct of parameters, This, how-
ever, is the hest set of formulae that can be recommended..
Once H is determined, we can determine the temperature of
the total system from the previous section.
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