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Abstract

Experimeatal results have shown that a beam power demsity of 1667 Watts/
cm? can be dissipated in an electrode which consists of & narrow bure tubing,
if the tubing is filled with copper mesh to & 20% density and water at a low
rate is passed through the tubing. It is shown that this high power demsity
can be dissipated becauss the mesh surfece area is sufficlent to drop the pow-
er dersity at the poigt of tramnsfer to the coolant to & density less than or
equal to 135 Watts/cm“. The surface of the mesh 1s effective dus to some
combination, yet to be determined, of thermal conductivity of the mesh and
vapor trapsport. An experiment designed to verify the proposed mechanism
and cdetermine the contridbution of the mesh therual conducvivity is plagned
for tbe next phsse of the study. The results of this experiment wil) allow
the extrapolation of the results to other electrode geametries.
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ANALYSIS OF COOLING METHODS

INTRODUCTICON

Elactron tube*power generation capabilities ere limited by & number of
factors. One oi the prime limitetions is the total power or the piwver
density dissipuated in anode or collector structures. The amount or power
that can be dissipated is in turn limited by the weans aveilable to cool the
electrodes. As the frequency of operation of the electron tube 1s incressed,
the cooling problem beccmes increesingly important since the electrole sizes
scale inversely with frequency, and power dencity neceassarily lncreases if an
attempt is mede to maintain the pover ovutput. At a point in power versus
frequency space, which 1s a function of the particular type of electroz tube
and its particular electrnde design, the tube assigner reaches & pcint where
elther radiastion cocling cr metallic thermal copduction will not serve to
maintain the electrodes al a safe operating temperature. At this point, the
designer resorts to water cooling or to vapor cooling to handle the required
ancunt of power. Both of these methods are of limited use when the electrode
to te cooled is basically a small bore fabing as will be shown below.
Experimental results on a ccntractual study placed by the Electrun Tubes
Division of the Electranic Components Laboratory have demonstruted a method
of increasing the power Ccnsity dissipated in such tubing by a significemt
factor. It is the purpose of this an&lysis to determine a mechenism thsat
accounts for the empiri.ai results. Once a mechanism has been estadbliabed
the tuve designer will be able to extend the range of epplicatiomn of tkis
cooling technique. In order to arrive at an eppropriate mechanismn, the
available facts on weater cooling and vmpor cooling were reviewed. A summmary
of these known facts is included in this report.

No matter what method of cooling is used the thermal design must take
into account bott the total power that is being dissipated and the power
density of dissipation. If the amount of coolant used is insufficiemt to
hendle the total pover being dissipated, the entire body will rise n tem-
perature until destruction takes place. If the paower density exceeds the
ability of the coclant to taxe power away from srecific locations, then hot
spots will form, again resulting in destruction of the elecrtron tube. 1In
pulse operation, an additfonal prublem is introduced in that & temperature
drcp may exist between the actual surface on which the electron beam im-
pingee and the surface at which heat transfer to the coolant takes place
because of the time constant of the system. This anslysis will be limited
to problems involving either continuous dissipation or where the peek tc
average power dissipation ratio i1s such that & significant temperature rise
does not take place durirg the on-pulce at the beam-electrode interface.

TOML PCWER LIMITS

The total power dissipated in a heat transfer system using any liquid
coolant, assuming turbulent flow, is:

¥ Statements & gply equally well to other sctive devices such as gclid state
pcver generstors.
1




PL = C G S (1)

where Cp = Specific heat of tue liouid,
@, = Flow rate,
and AT = Tewperature difference totween input and
cuatput .,

When vapor cooling is used the total power dissipated is:

R (2)

where CL
and y

When water is used es the coolent, equations (1) and (2) cen be
expressed in prectical units as:

"

Latent heat of vaporizationm,
Rate of vaporization,

Watts

Pp, = 264 QAT Oog garfpin . - (3)
and
.. Watts
Pv. = l-liex.Lo)Qv gal,/min ----- ("4)

regpectively.

Equation (4) includes only the contribution of the heat of vaporization
at a constant temperature, the boiling point, to the hest transfer process.
The power required to heat water to the boiling point from, for oxar_le, a
200C ipput temperature would provide an spproximate 14% increase in the
capabiiity of a non-recirculating water-to-vapor cooling system.

PONZR DENSITY LIMITS USING WATER COOLING

The heat trunsfer cepabilities of a co~ling system in terms of the
denrity of power treasferred hes teen expressed in empiricui reletionships
by many experimenters. The works of Grass,2 Hansen,3 and Schack and otlers
have been campared by Schack™. These empirical relationships involve a
number of parsmeters, which will not be discussed here. The results of
these studies are better cummarized for our purposee by cémparing them with
expurizental resulis and the practical rules-of-thumb used by electron tube
manufacturers. At the water temperatures usually <=ssociated with electron
tubes, the experimental results fall in a range of 0.22 to 10.8 watts/oc/cme.
The deriveda equations predict values toward the .ow end of this range. Using
an allowed temperatgr drop of 30°C, the literature would predict a range of
6.6 to 324 watts/cm®. One electron tube manufecturer’ uses & factor of
100 W/em@ es & typical value for water-cooled electron tube design. This
factor may or may not include an ares multiplication factor, i.e., the area
availasble for transfer of heat to the coclant is larger than the beam cross-
sectional area. This practical factor thus falls well within che experi..en-
tal renge. Rece:t results in high power density electron tubes, however,




have exceedeu thi: conventicnal tubte cooling factor by more than an order of

magiitude.

In the L-65

cooler design over 13 kilowatt/cm® of both active

beam power density and cooler transfer power density has been accomplicined
experimentally.
cooling in whizh the cooling water is directed along the wall of the coollng

tubi:
velocities.

procees involved.

Similer power densities have teen reported using "Vortex"

at high elocities rather than directly through the pipe at high

Although no exact calculations were found in the open literature
covering this case, the heat :ransfer equations provide a clue as tc the

Basically there is no limit to the amount of power per unit area that
could be transferred to a c.ream of water that moves sufficientlv rapidly

over the transfer surface in a turbulcnt manner.

If turbulence

.8 nut

prezent, however, the only mechanism evailable for heat transfer to the
water not in direct contact with the trensfer surface is by thermal conduc-
In normel fluid flow in vipes, no matier "ow large &
veloc!ty is used and no matter now great the average turbulience 1s, as
measured by the Reynolds number, a layer, which moves in a laminer mannec,
forms near the surface of the pipe, i.e., the layer has no radial velocity
The actual heat tranefer is thus limited by the thermal conduc-

tivity of the water.

component .

tivity across this thin layer of water.

In "Voriex" cooling where the flow

is directed helically along the surface of the pipe, this "stagnent" or
boundry layer must ve reduced in thickness by at least an order of magnitude,
thus providing an crder of magnitude improvement in power density capabilitiec.

POWER DENSITY LIMITS USING VAPCR COOLING

The limits for vaepor cooling heat transfer density cannct be expressed
by a singie equation, but the exverimental results are muchk more streaight
forward tnan is the case for water cooling.
summarized in curves attributed to Nukiyama] The curves are drawn for both

The relutionships have been

a logarithmic and linear scale in Figure 1:
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Nukiyama heat trensfer curve
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Figure 1 shows that the maxirmm power .ensity at the transfer surface that
cun be handled by vepor cooiing is 135 watts per cm®. This refers to the
surface erea in contac* with the liquid that is being vaporized. The power
density in the beam cross-sectional area may be increased by an area multi-

section 13 sufficient o achieve the power aensity transfer. In normel vapor
cooled electron tubes,a system of pyramidal protuberances from the anode into
the liquid achieves an area uuitiplication factor of sbout four, thus per- |
mitting an active beam area power density of approximately 500 watts per em?
‘to Lz truasferred by the vepor process.

TES1 RESULTS

With this back;round in_cooling techniques, the results obtained in the
study referred to p:eviouslyl may be examined. In the experiment a one-iiich
length of 0.00%-inch wall copper tubing having en outer diameter of 0.065
inch wes bombsuded with an electrorn beam. The total power diesipated in the
anode was TOO watts. Tesce were performed with a variety of cooliar tech-
niques for comparison purposes. With no coolant flowing through tne tubiag
immediate destruction of the tu ing tock place. With water flowing through
the tublig at 10 gallons per minute, the anode melted in two tc three seconds.
With the same water flow rate introduced thrc¢ 'ch a vortex generator, melting
d1d not occur until. 1C seconds. When the tubing was filled with 0.CC3-inch-
diameter cupper strands (or mesh) to a 20% densit,, the 700 watis could be
dissirated cogtinvrusly with a water flow as low as 0.010€ gallons per
minute (40 cm®/min) with all or most of tne water emerging as steam. The
beea pover density dissipated using this tech:ique was 1667 watts/cm”, which
is spproximately equal to thet achi~ved on the L-6% program. These results
are significant in two respects: the coolant flow rate is extremely smali;
@#nd ‘he cooling technicie succeeded in & geometry (small bore tubing) where
vortex ~ooiing falled. The specific results are clear in themselves. 1In
order to extrapolste the results to other gecmetries, however, & working
model of the mechar: m of heat transfer is required. The nature of the
mechanism may be deduced from an analysis of the test results.

ARALYSIS OF THE TEST RESULIS

The %otal power dissipated in the experiment, 700 Watt:s, can be handled
by & comparatively small flow rate of water whether water cocling or vapor
cooling is the privary mecharism. This can be deternined by solving
equations (3) and (4) for the quantity o  coolant reguired in either case:

700 .
Q = Frar e%1/minx°C
for & perritted tempersiure rise of 30°C
Q, & 0.088 gal/min

for & permitied temperature :ise of 80°C (cssuming that water entering at
209C is raisel to thc boiling point)

&, = 0,033 gal/min
an

b

v R - = i -




’T{‘\’\
- = 1l %bl/min
v T.4Zx107

Q, & 0.005 gal/min.

Thus, if the water was coapletely vaporized 0.005 ¢sl/min of water would be
sufficient to remove the heat generated by a contiruous dissipation of 70O
watts., This is only epproximately half of the flov used irn the successful
experiment using the copper mesh. The observed result that the coolant
emerged from the system as & mixture of steam and weter ir setisfactorily
explained by the total power transfer relationships.

Lne pcwer density at the transfer swface when the copoer mesh was not
used 1is estimated at 1200 wetts/cmz. This estimate is based on the follcwing
calculations:

Ay ML ememmemeeeeeeemeas (5)

where Ay = Total inside area,

dy = Inside diameter = 0.055 ir.,
L = Active length = 1.0 in.,

and A, = 1.11b4 em®.

Since the electron beam impinges on the exposed front side of the tubhing
only, the ineide portion of the non-exposed back of the tubing can only
transier to the coolant that amount of power condu:ted t¢ it by the thermal
conductivit;” of the copper tubing. The amount of power which 1is transferred
by the back of t. - tubing can be calculated from equation (6).

Q = A 8T o (6)
e~ o
where ¢ - Thermal Conductivity (Quantity of heat

transmitted per second through & plate onc-
centimeter thick when QT is one °C.)

A = Cross-sectionel area
d = Transmlissicn path length
&T = Temperature drop scroee transmisc -~ path.

Equation (6) 1ay be expressed in practical units for & copper heat conductor
as:

Fa 4185 AQT Watt » cm  ________ (1)
cm© m O




ettt

Tt oty g ca 1L NPT,

The =.ouut of pover trunsmitted to the back of the tubing may be calculated
using eguation {7) and Figure 2. substituting the valuzs shown in the
figure into the equation we obtain:

Pa 10.5%AT L (do- di) Watt secm  ______ (8)
(o ¥ dy) e » OC

For the values involved in this experiment and assuming that ths temperature

difference is not greater than a drop consistent with efficient vapor cooling
(from Figure 1 the drop is estimated at 20°C i.e., T1 ¢ 140°C; T2 a4 120°C),

the power which could be transmitted to the back is:

P o U5.1 Watts.

Assuming that the remainder of the power is transferred through the front
half of the tnhing, the power density through the transfer area of 0.557 cme
worid be gr. iter than 1100 watts/cme. This exceeds tiie power density that
can be hapdied by vapor cooling by a factor of almost 10. Even if there
vere a mechanism whe:eby the entire inside area of the tubing was effective
in heat transfer, the power density would exceed the Nukiyame maximum by a
factor of almost five. It is, therefore, not surprising that even with a
flw of 10 gal/min, the tubing melted when tested without the copper mesh
inside.

With the 2opper mesh included within the tubing, the surface rrea
available for neat transfer from the ancde to the coolent is increased. If
the heat energy can be transferred from the tubing to the mesh then this
larger area would be effective in reducing the power density to within the
limite of the Nukiyame meximum. The surface area of the copper mesh may be
estimated by assuming that a sufficient number (N) of single strands of wire
are inserted in the tubing to occupy 20% of the cross-sectional aree of the
bore. The approximate number of wires used is:

2
o
N o= o2 MTL o> 67
'Tfrs
where ry = Inside radius of tubing
r, = The wire racius.

The surface ares of this number of wires is:

24¢r, NL & 4.07 em®.

The surfaces of the wire mesh can be used to transfer heat to the coolant
if, and only if, heat is transferred from the inside of the front of the
tubing to the wire mesh and the back of the tubing by either thermsl con-
duction through adjacent copper strands or by some other transport mechanism.

&




Figure 2. Model for calculation of front-to-back power
transmission (front half of tubing not shown).




The thermal conduction can only be estimated since the exact contact arca of
wire strands to the copper tubing and wire strands to adjacent strends is
neither controlled nor known. If the wires were “ouching uver their entire
length, L, with an effective contsct regicn equal to one querter of the wire
radius, ry, the teLpcrature drop from one end of a string of wires to tne
other end would be a frinction of the number of strings present. Since there
are a limited number of wires in the volume, the length of each string is a
function of the number cof strings. The transfer of heat to the coolant and
to the back of the tubing can not be assumed to be effective, if too many
strings are hypothesized. Thus, for the wire size and the tubing bore in-
volved, with any more th-n five strings the fer end of the back of the tubing
would not be r=ached by ‘hermal conduction. With five strings the temperature
drop would be approximately 68.6° as determined by substituting in Equation
(7). As many as nine strings would he required to reduce the temperature
drop across the string to the maximum tolerable temprrature drop of 20°C.
Since the actual contact area will be much smaller than that assumed for
these calculations and the velume will be filled more uniformly than would
be possible if the wires were strung as required for the calculation, there
is only a small likelihood that the conduction of he&t from the front of the
tubing to all of the mesh and to the back of the tuuing is by a process of
thermal conduction alone. The surface area required for efficient vepor
cooling can, however, be utilizied hy another process dependent upon the
propverties of the vapor itself. If steam is produced at the front end of
the irper wall, it will transport heat to the cooler wires by convective
flow and condensation at any surface aresa at a temperature less than the
boiling point. Heat will be pumped by this process from the hotter inner
wall to the cooler, wires tending to bring the temperature into equilibrium
with a small tempersature drop betweeun the differert portions of the surface
area. The entire surface drez would be avzileble for interchange of heat
with the coolant and the rate of exchange would be kept down to the point at
which calefaction does not take plsce.

CONCLUSIONS AND RECOMMENDATIONS

Wl .le the eralysis contains a number of assurptions that can only be
verified by further experimentation, it has given an indication of a
mechanism that accounts for the large improvement in the ponr hendling
capabilities of the length of copper tubing when a copper mesh is inserted
into it. Furthermore, if it can be determined that the mesh thermal con-
ducuion path is not an important contributing factor to the utilization of
the mesh areea, tlien it should be possible to extend the technique used here
to a wide variation in gcometry. An experiment to both verify the anelysis
given above and to determine the contributions of the mesh thermal conduc-
tion path versus the vapog transport heat conduction path has been planned
using the four-factor Box“ experimental design shown in Figure 2. The four
variables selected are:

Tube Bore Diameter

Tube Wall Thickness

Mesh Thermal Conductivivuvy

Mesh Area for Specific Power Density.




The tests wil. be run at & constent beam density, thus requiring a variable
total power for the different tubing diemevers. The vclume of resh will be
adjusted to give the velues of power density required bessed cn both mesh
surfare ares and the aree of the inside of the tubing. The selected levels
of the variables are shown in Table I. It is anticipated that the results

of this experiment will esteblish the renge of usefulness of the mesh-vepor
cooling method, which already shows promise of providing & new tube design
capability with respect to beam power density dissipation limits and required
coolant flow ratew. Since this .nethod provides an order of magnitude irprove-
ment in power densities, preceutions rmist be obrerved, either in the experi-
ment or in actual epplicetion of the techniques, tc insure contimued optimm
operation or the test vehicle (or actual devices will be catastrophically
destroyed. Methods of insuring reliable coperation of the system will be
explored in the course of the planned e periment.
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Figure 3. A four-variable Box design

10




TABLE I

Levels of the Variables for Cooling Experiment

Level Coded Value 'mbeABore T\IBeBVall HEsthn‘h. /‘7* MeﬂzDPwr *x
1 - L.hlbe 0.055° 0.005" {silicon/.002[ 5L W/em
2 - 1.0 0.080" 0.0103" | Nickel/.13% | 65 W/cm®
3 0 0.140" 0.0125" | Alum./.450 100 W/cw?
4 + 1.0 0.200" 0.0178" Goléf/o.'rm 135 W/cm®
5 + L.hlke 0.225" 0.020" | Copper/0.410 | 149 W/cm®

*  Thermal conductivity

** Desired Power Diesipation per cm@ of surface aree including inner
surface of tuoing

11 A Gold-Copper or Gold-Silver alloy trimmed to & conductivity of 0.776
would be more accurate then pure gold with & conductivity of 0.70. Thke
error introduced if gcld were used, however, wovld be small.




Security Clesaificetion

-

DOCUMENT CONTROL DATA-R & D

(Secucity clasasilication of title, body of abatroct and indexing annotation must be antersd when e overe!l rapart ia claselfic

V. ORIBINATING ACTIVITY (Corperate suthor)

US ARMY ELECTRONICS COMMAND
FORT MONMOUTH, NEW JERSEY 07703

2. REPONRY SECURITY CLASHIFICAT

UNCLASSIFIED

22, GROUM™

—
3 RIPOAT Y ITLE

ANALYSIS OF COOLING METHODS

4. OCBLCRIPTIVE NOTES (Type of repurt and inciusive dotee)

Technical Repart

%. AUTHOR(®) ( ar, widdie WlGel, et noms)

M. H. Zinn

$. REPORT DATE

March 1968

17.. TOTAL MD. OF PAGKS T MO. OF REFS

11

A COMTRACT OR CERART NO.

ARFA ORDER WO. 679
& PROJIKCT MO. 7910,21.21@3.1&1.00

<«

4

% SFIGINA TON'S REFOA T WAENERINN

ECONK-2947

8. OTHER REPORT NOIN (Any sther auwhese dhet [ ]
thie sepurt) ad

10. DISTYMBUTION STATEMENY

is unlimited.

1. SUPPLEURNTARY NOTES

13. ARINIDRING MILITARY ACTIVITY
US Army Electronics Command
ATTN: AMSEL-Ki-T
Fort Mommoath; Bew Jersey Q07703

19. ABSYRACY

through the tubing.

{ suthor)

erimental results hve shown tha&t = heam power demsity of 186T Waits/«
be dissipeted in an electrode which congists of & narrow bore tubing, if the tul
is fiiled with copper mesh to a 20% density and water at a low rate is pasued
It is shown that this high power density can be dissips!
because the .esh srface area is sufficient to drop the power density at the (.
of transfer to the coolant to & density less than or equal to 135 Watts/em<.
surface of the mesh is effective due to some combination, yet to be deteriined
thermel conductivity of the mesh and vapor transpcrt.
verify the proposed mechanism and determine the contribution of the mesh theru:
conductivity is planned for the next phase of the study.
experiment will allow the extrapolation of the results to other electrode gec

An experiment designed

The results of this

ORSOLETE FOR ARMY USE.

Eeme—— m—
PD =v.147

RAPLACKS DO FOMM 1675, ! JAN 64, WAeCH 18

()

$ecurity Clsesification

g

This document has been approved for public release and sale; its dlstribubiou

4

e -y e

@ T

- AL SN ienT

.



Security Classification

4. LINR A LINK B LINKR C
KEY WORDS
L1 1 wY ROLER wr ROLE wT
Cooling of Electron Tube Electrodes ! .
Heat Transfer
s
Water »nd Vapor Cooling
qcC B
- 7 \
- N~
R S S \ .
0g °@ (s MSGIVIEY FoTONale BN - S
NERN BN AN X &
b R P
) .C 3
: @ w3 q MY Slae U S ol g
. 8 3 e o > rC LodraL fose
s 3 3 3 -l 5 G b2 C 5. g
n < e NI SN ¥ ole SN
% 5 N R T ER L, _a2 4 o
- 3 &o . de . 4 q4 s o
gy F - 3 T
. 4 4. 9]
{ qn s M
il17 Z o
e g > gos ©°
4 )

-
ESC-F¥ 1795-63

(2)

Security Classification




