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i o SUMMARY B

Th1s report presents the results of a techno]ogy evaluation
study on axially grcoved heat pipes conducted under contract NAS5-22562.

- The state-of-the-art is reviewed and present and future requirements
--are identified. Analytical models which were developed under this

program and parametric design studies which were conducted to evaluate
potential performance improvements are also presented. :

Analytical models include the Groove Analysis Program (GAP) :nd
a closed form solution designed to facilitate parametric performance
evaluations. GAP provides a numerical solution of the differential
equations which govern the hydrodynamic flow. The model accounts for .
liquid recession, liguid/vapor shear interaction, 1-g puddle flow as e
well as laminar and turbulent vapor flow conditions. It can be used ’
to obtain ideal charge and undercharge performance in both o-g and
1-g as well as the overcharge puddle flow contribution in 1-g. Good. 4 : A
agreement between GAP predictions and measured data has been obtained . L .
with deviations noted only at high and low eievations and in the turbulent s
vapor flow regime.

The closed form solution.was developed to reduce computation time
and complexity in parametric evaluations. It is applicable to laminar
and ideal .charge conditions. Liquid/vapor shear interaction and an
empirical liquid flow factor which accounts for groove geometry and
liquid recession effects are included as part of the closed form
solution. The validity of the closed form solution has been verified
by comparison with GAP predictions and measured data. - . .

Parametric analyses conducted with the closed form solution indicate
that substantial performance improvements can b2 achieved. Care must
be taken, however, to recognize the composite aspects of improved groove
designs. A composite factor-S has been defined which accounts for this
effect.

An improved groové desiyn which has a composite factor ot 1.25 is
defined. ~.It's predicted traasport capability is 757 higher and it has
twice the static height than that provided by the current GSFC extrusion.
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1.0 INTRODUCTION

.Axially groovéd heat pipe technology has been developed extensively for
fixed conductance applications in the cr&ogenic through ambient temperature :

ranges. Aluninum axially grooved heat pipes flown aboard the Orbiting

Astronomical Observatory-C ( 0AC ) and the Applications Technology Satellite-6

(ATS-6)~haVefdéwonstrated the reliability, versitility and cost effectiveness

.of this’desigh Recent developments include the adaptation of axially grooved

tub1ng for use.in thermal conlrol heat p1pes (TCHP) applications, the

development of a copper/water axially grooved heat pipe for application up

"to 500°K and the fabrication of stainless steel axially grooved tubing, for

‘ TCHP app]lcat1ons

The advantage of the axially grooved heat pipe is that its internal
configuratﬁoh consists of a number of independent_f]ow chanriels which are
fabricated as an integral part of the tube wall ahd are parallel todfts
longitudinal axis. These channels develop the.capillary pumping and offer
low resistance to liquid f]ow. As a result the d-g heat transport capabi]ity
of the axially grooved heat pipe is ohly exceeded by the’moré complex and less

rel1ab1e composite wick desigrs. These channels, however, are also sensitive

~ to elevatIOn, puddle flow contributions in 1-g and the shear1ng effect cf the

vapor counterflow past the liquid. Each of these effects must be accounted
for to accurate]y pred1ct the performance. Ané]ytica] models aré presented
which incorporate these effects. .

The models developed inc]ude.the Grcove,Ahélysis Pregram (GAP) which
solves the d{fferential form of the governing hydrodynamic eqpations and a

simplified closed fhfh solution designed to facilitate parametriq performance
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" evaluations. The ya]idity of'thé models has been established by comparison
of predicted values with measured data for various fluids and groove

geometriesjn

“are présenéed in this'fepdrt.,‘The ané]ytica} models developed together with
comparisons with existing test data are also included. In addition, results
of a parametric design analysis study which was conducted t. uétermiﬁélva&:

potentfal’éroove geometry improvéméhts is also discussed and an iﬁpfoved

groove design is. recommended.

The resdlts of a technology evaluation- study éonductéd under this contract

b st gt Soadend
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2.0 TECHHOLOGY REVIEH

Axially grooved heat pipe technology has been deve]oped extens1veiy ,

far fixed conductanee applications in the cryogen1c through ambient temperature

7
=
e, v ‘

range.!>2 " An aluminum axially grooved heat pipe flown aboard the Orbltlng

Astronom1cal Obse*vatory -C (0A0-C)? is still. functioning properly after more than

“four years 1n orbit. A tota] of 55 a]umlnum ax1a11y grooved heat pipes were also

- used to lsotherma11ze the App]lcat1ons Technology Satellite-6 (ATS-6). Their

extensive use and successful performance.thr0ugh almost three years of continuous
,[ ,

~ flight operation has demonstréted the reliability of this design. Sounding

_ ‘Rocket Experiments®»® have also evaluated various performance. parameters for

these pives.
.-fiiAldmjnum axially grooved heat pipes have been adéeted for use as a gas
controlled variable conductance (VCHP) system”»® within the past two years. Both

feedback and passive VCHP control have been demonstrated in the 180-300°K range.®:1?

_ The feas1b111ty of axially grocved diodes and thermal switches is also currently

under 1nvest1gat1on 1% Finally, fabrication with materials other than a]um1num
to accomodate higher temperaturesand different working fluids as well as 1ow,.'
material conductance for thermal control applications is currently under investi-

gation. A copper/water axially grooved heat pipe for uselin the isothermalization

| of radiator fins of a radioisotope thermoe]ectric generator (RTG) has been

deve1oped and operated at temperatures up tc 500°K.!?

-In short, the ax1a]1y grooved heat pipe is being applied tO a large var1ety Of
aerospace requirements. Potent1al terestrial applications are also numerous and
equally diversified. Typical performance requirements for varioos areas of
app]ieaf:on;cgrrently under consideration are summarized in the next section.

Current state-of-the-art is also discussed and technology improvemenis which will

serve to extend the usefulness of axially grooved heat pipes are identified.

-3- .
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2.1 .. Present end Future Requircments

P T T RPN

Because there a:e many potential applications, hcat pipe deiigns and
] : _ : : .
performance requircments also iend to be many and varicd. While it is difficult

to quantify all of the requirements, some categorization can be developed to

~establish generalized criteria which can ultimately be used to establ{sh standardized

heat pipe designs. Heat pipe design and performance requirements fall “ato two
general categories: | '

(1) Fixed condﬁctancc app]ications

(2) Thermal control apn‘1cat10ns'
RWithin cach of thece cateq0r1es, requirements are a]so dcp ndent on the tehperature
range of application which can be class1-1ed as: |

(a) Cryogenic to Low Temperature -- (0 - 250°r)

(b). Ambient -- (250 - 350°K)

i (c) Intermediate to high temperature -- (>350°K) -

A surmary of fhg requirements for various applirations which were determined from

current and past flight programs and a sufvey of NASA and the aerospace industry

is presented below.

2.1.1 Cryogenic Applications

A well defined need for a variety of crvogenic heat pipe hardwére has becn
identified. Potential appiications include passive‘heat pipe/radiant cooler
systems and hybrid coolers such as the one illustrated in Fig. 2-1.’7”3. Such
systems would be used to augment or replace present coolers in order to achieve

Tonger 11fe and lighter weight. The use of heat pipes to coup1e reimote compononts

to certrally located active coolers such as a VM engine has also been considered.

4-
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" Typical requirements for cryogenic heat ﬁipes fangé from fractions of . ,
watts for detgétor cooling to ten's of watts for large radiant coolers.
Corresponding:heat transport requiremedts vary from a few .itt-meters to capaéities
~up to 25 watt;meters. Operating temperatureﬁhare«from 2% to 250°K depending on
the application. High thermal conductance: -n the order of 1.0 to 10 watf/°c]are
}aquired since a cryogenic system's effi;iéncy is highly temperafure sensitive. *
The need for yariab]e conductance heat pipes has also been {déntified with .
particular emphasis on diodes or thermal switchés fo protect against hot sink
conditions which result from external environmental inputs. Finally, since many
0+ the cryogenic fluids have relatively low wicking heights, wick designs whicﬁ
provide 2-3 times more pumping are desired in order to obtain reliable 1-g

performance measurements.

2.1.2 Ambient Temperature gppffcatibng

| The méjor"; of spacecraft temperature contfo1 applications have been

near room temperature and considerable experjehce now exists with axially

grooved heat pines af ambient temperature. Present and future applications

include utilization o7 teat ﬁipes in waste heat rejection, isothermalization and

temperature control. In additicn to a variety of unmanned spaceéraft app]ications,

the advent of the Spatce Shuttle and Spacelab have created an opportunity to

fly a wide viriety of scientific instruments which will require relatchly low

cost temperature control systems. The limited h2at rejection -services of Shuttle,

ranﬁom orientq;ions due fohoperationa1 considerations and the variabi]ity of

requirements'with_regard to size, geometry, pbwer dissipations and opcreting

temperatures have led to the development of canister concepts u£i1izing both

fixed conductance and variable conductance heat pjpes as shown in Fig. 2-2.°
Performance requirements for ambiert temperature applfcations range

from ten's of Fatts to mu}pi-hundred vatt 1évels. In the survey conducted

under this program. multi-kilowatt requirements for ground applications have

lhee o dee e
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2.2 -~ Current State-0f-The-Art
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B also been identified - Lare space systems, such as, the Shuttle pr1mary rad1ator,

also require power d1ss|pat1ons on the order of P1louatts -In most app11cat1ons,

multiple. heat pres are requ1red to col]ect and dlstr1bute the teat. Heat

. transport requ1rements for ]arqer systems are in the range of 250 w-m or h1oher .'

i
i
i

_depend1ng on tre number of heat p1pes used ‘Operating temperatures fal] between

250°K and- 325° K 1In add1t1on to convent]ona] heat p]pes thene are also dwstlnct

needs for var1ab]e conductance technology as 111ustrated in Fig. 2-2.

. 2.1.3 Intermed1ate to High Tenperature

A]though the bulk of 1dent1f1ed heat p1pe app]1catlons appear to be in the
cryogen1c to ambient temperatare range, 1ntermed1ate 20 high 'e.perature
requ1rem°nts also exist. These are. der1ved from radwo1sotope thfrroeleetrlc
generators (PTG),‘l solar co]]ectors,‘“an VN- r“1nes, etc.

A broad range of performance app]1es to the 1nterm°d1ate to high temperafure

. range. Isotherma]czatIOn of RTG rad1ator f1ns, for example, poses the need - r.

operation in °50—JO”°K raﬂge Small, light weight heat pipes ‘0. D 2s swe]] afA
0.64- -cm (:-in.)) are desired to accomodate heat loads up to 135 watts \1th a o

correspond1ng transport capability of 70 w-m. Coup]:ng of a heat source with

‘Vi4 engines, on the other hand; will require power 1evels cn the order of .kilowatts

~with trunSpnrt capac1t1es up to 10,000 w-m depend1ng on the hecat source employed

(1 e. rad101sotope or so]ar co]]ector) Operatxng temperatuxes in the 1000°K

range can be expected. Both RTG and VM applications also pose the potentlal

‘need for gas contrelled heat :pipe technology.

For over ten years, axial grooves have been ape1ied to alvariety of heat ‘
pipe designs including high ‘temperature Tiquid metal applicetions. Initially,

axially grooved tubing was produced by machining flat stock and forming it into

s

" a tube or by broaching a thick wall tube. In aerospace systems, requirements

-7-
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for lightweight, cost effective designs led to the development of swaged

" the ability to prov1de mounting flanges as an integral part of the tublng.

_'Recently, the extrusion process was used to fabritate a closed groove form

aluminum axialty grooved tubing. = Subsequently, extruded aluminum qrobved ' ;

tubing wxs developed wh1ch led to better controi of the groove form as wel] as

'(Lewrs Covert Groove Extrusion), which offers reduced sens1t1v1ty to gravity.
“Recent advances in the state of-the-art also include the development of a small

-d1ameter copper/water axially grooved heat pipe for intermediate temperature

appiicatiOn and tne extension of axially grooved technoloay into thermal .control
app]icationo; Today the status ofAthe technology can begsummarized as follows.
2.2.1 Theory '

. The theory of operat1on of the ax1a11y grooved heat pipe together with

nwthemat1ca] models for hydrodynamlc flow i discussed in detail in this report.

'The Groove Analysis Program (GAP)!¢ developed -under this contract incorporates

current models which account for meniscus recession effects on groove flow
properties and fluid inventory; vapor viscous and vapor shear effects; groove
geometry effects such ¢ f1n tip corner radius; gravity effects, and pudd]e .
flow contributions. Either theoretical groove forms or measured groove properties
can be used in the program. The model assumes uniform groove properties and
quuid'distribution, uniform heat input and output, as well as a neg]igib1e
gravity effect around the circumference of the heat pipe.

Comparisons of predicted values with measured data ohow good agreement
at intermediate operating temperatures and elevations for a number of working
fluids. Deviations at extreme conditions are believed to be due to uncertainties
in the modeling of vapor effects in_the turbulent regime and potential drainage

effects on the liquid distribution.
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'In;addition to this computerized mbdé1 inch incofporates a.ﬁumerical
integra%ion solution, a cIosedvfofm so]ution'wés also developed‘for pargmefric
and design optimization ana]ysés. Incorporated as part of this model is a
composite factor (S), which accounts for .composite pumping effects und.a‘groove
flow faétor.(Ng) which accounts for meniscus recession effects on-iiquid flow.

characteristics. The model is in a dimensionless form which allows evaluation

of the heat pipe design independently of size and liquid properties undgf 0-g

conditions. Its validity has been verified with GAP préuictions:and measured
data. A complete discussion of the development of thfg closed form solution and
its use is presented in Section 4.0.

2.2.2 Swaged Aluminim Axially Grooved Heat Pipes

Aiuminum'axia]ly grocved tubfng vas initially producedvfor the OAQ-B

‘spacecraft” with a patented swaging process of the French Tube Division of .

Noranda Metals, Inc., Newtown, Connecticut. It was fabricated from 6061

aluminum alloy with the greeve form shown in Fig. 2-3. Freon 21 was used as

the“wofking fluid. The same axially grooved tubing design was used on the CAQ-C

spacecraft? withanmmnia‘as the working fluid. For the ATS-6 spacecraft, a

modified design (Fig. 2-4) which yielded improved performance and facilitated
tubing fabrication was developed and produced using the same swaging process.

Extensive efforts were conducted under the ATS program to develop practical

fabrication and processing techniques, and to characterize the performancé of the

groove design with atmonia. The ATS swaged tubing was also performance tested
with nitrogen’® and methane as working fluids. Measured performance of both
the OAD and ATS swaoed geometiries with various wdrking fluids is summarized in

Table 2-1.

e A aaie e b aew
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TABLE 2-1. MEASURED PERFORMANCE OF 3
SWAGED QAQ AND ATS AXIALLY GROOVED HEAT PIPES é'
. 0-g Heat =~ Static.. Film Coefficient
- Temp  Transport Capabilit Height  (w/m? - °C)
Fluid (°Kk) (watt-m) (cm) Evaporator Condenser

OAO - Geometry (Aluminum)
Ammonia 295 130 . 1.09 7265

Freon 21 295 26 051 . 1135
Freon 23 295 12 0.46 653

t .
ATS - Geometny (Muminum) -
Ammonia 310 145 0.89 5676

Methane 150 18 0.52 1362
Nitrogen 80 " 16 0.30 312

9480
1700
1135

8515

1362

-12-
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been obtained from GSFC's Heat Pipe Sounding Rocket Experiments.

Axially grooved tubing is fabricated in the swaging process from pre--.

drawn tubing in an’ annealed or.soft condifion The tube is passed over an

: interna] mandre] w1th the deSIred size and groove form. As the tube is passed
- over this mandre] external hammers, rotating and striking at extermely high -

_frequency, 51mu1taneously reduce the outer diameter and force the material to

flow over the internal mandre1 to. produce the deSired groove form. In producing

the ATS.aluminum axially grooved tubing, a number of prob]em areas were

4 encountered including variations in concentriCity a10ng ‘the length of the tube

variations in groove area and form, and extreme cold working It shou]d be

Ap01nted out, however, that axially grouved tubing for. heat pipes was only

' produced in 6061 a]]oy with the swaging process.z A more ductile material such

as 6063 alloy was never tried

2.2.3 Extruded Aluminum AxialleGrooved Heat Pipes

_Ihe difficu]tics encountered with the swaging'process‘fed to the develop-

ment of extruded aluminum axially grooved tubing{ The first_extrusion was - .

produced by the Batelle Columbus Laboratories.?® The groove form,lhowever,

was inadequate to meet ATS transport requirements, and the extrusion was too
bulky and-heavy to meet weight limitations. Shortly thereafter, NASA/GSFC
initiated an-extrusion'development program which led to‘the successful production
of the ATS groove'form by Micro.Extrusions Division of Universal Alloy COrp‘

of Anaheim, California. The extruded shapes, as shown in Fig. 2-5, were produced

_4n 6063 alloy. Tuping shown in ?ig 2-58 was also produced in 6061 alloy. The

ATS extrusion, (also referred to as the NASA/GSFC ExtrUSion and the Micro. Extru51on) B

has been extensively tested with a number of working f]uids and o-g test data has

364920

The ATS extrusion has also been applied to the I.U.E. spacecraft platform.

‘ethane pipe which utilizes this extrusion is currantly being evaluated as part of’

-13-
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a TABLE 2-2. MEASURED PERTORMANCE OF
| EXTRUDED ATS-6063 AXIALLY GROOVED HEAT FIPES

0-g Heat Static Film Coefficient

. Temp Transport Capability Height - (w/ m? -°C)
Fluid (°K) (w-m) (cm) Evaporator Condenser
. Armonia 203 71.4" 2.1 - e
| 223  98.6 2.0 - -
250 136 19 7000 13600
273 143 l" 1.6 -- --
Ethane 175 25 . 1.4 1370 10700
200 _ 5 1.3 1370 5900
225 '_ ' 28 1.25 - e
Methane w00 24.3 1.25 1730 " 6100
| 110 30.4 - 1.15 1730 " 6100
125 3.4 1.1 1730 6100
10 23.6 1.1 - --
155 13.3 1.0 -- -
-15-
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- the Heat Pipe Expcriment PacPage (HEPP)21 for a potential f]iqht aboard the 1

O

':Long Duration Exposure Facility (LDEF) A summary of available performance I

: data for the ATS extrusionis given in Table 2-2. | . ", .‘1' - S b

~_test1ng has’ been developed by hASA Lewis.’ 2‘ The NASA LeWis Covert Groove

R e o T B e R T R e e
. . . ¢ SR T . 3

1,
ot

H
PO R P
*

PN

Recent]y, a new groove form de51gned to reduce the sen51ti/1ty to grav1ty '

_extrusion, shovn in Fig. 2-6  was produced from 6063 a]uminum a]]oy by Micro

H . v

‘ExtrUSions. Testing was performed with ammonia as the working fluid. Measured\

performance is summarized in Table 2-3. As can be scen, a substantia]‘improve-'

- ment 1in static wicking height has been achieved vith the heat pipe fully primed

_However, as 1nd1cated by the test results, the heat pipe d1d not reprime nt 48%
of its static w1cking height (12mm) with heat loads greater thar 36% (50 watis)
of its fully primed capacity at that eievation. This was to be expeetedvsince_ | _ -
the composite factor . (S) (cf. Section 4;4) of the-Covert Groove is approXimateiv o
'1 45 Hence,-once deorimedh(mechanicaiiy or thermally) the static wickinq teight
of this design is upproximattly 17.2 mm with ac- q capabiiity of 179 U for a .55 m

transport length. Hence, recovery at 12 mm with more tnar 60 watts is not p0551b1e.

This, hogever, does not present a serious prob]em since the groove form can be

modified to minimize the composite factor whi]e retaining the same static nicking
height with equal or. better performance’ {cf. Chapter 4 0)
Experience to date indicates that the extrUSion process is the best method ' T

for producing aiuminum ax1a]1y grooved tUuing.'heli defired groove forms and good

- dimensiocnal control have been achieved. tounting flenges can b2 extruded as an

integral part of the tubing vh.ch can 51mp11fy intcrfac1no in many applications

oy

In addition, the ability to produce complex groove forms has been denonstretod hyw
the NASA Lewis Covert Groove-extrusion which shouid lead to higher perfcrmnnce

and greatly reduced sensitivity to 1-g testing.

5.

-16-



.

Ta

SNOISNIWIQ OILSIW3LIVEVHD 3A00¥9 L¥3A0D "9-2 "9ld

! . S oo

AATR N VDT G Sty L e e e ey ey ey e g s o e

b
.
[
1
4

F THE

E IS POOR
|

PR
! ) ' oo

MH m K 3A00UD

” N mz {9 e 3onvYIND

. m o — >y

o ..Alpw i ___ SanvY

.. 2 g wd L

! m 4 i TIvm
} =R

m” . 31935 04 10N

P 02 = N - S9A00JY 4O Jaquny

. : ’

. >, o uugp9t = My SSaUNOLyL |LleM

mz wugrg* = €9

R wiges* = S9g
ww308° = lag J4333WRLQ 9A004YG

o> Ag
100U !0

aswww._n Qy Buiuadg 30049

wu/92’ = I YIPLM 3duedgug

R e e o e e PEL ol

wwgz g = Mg 4333ue}(Q 3403

: o LowyggnIr s tg _4933uweLq 300y

Lo T o .EES.N” = oo ,..A,x.i!-...mymsmu.m 49300

B3130YI0 3315100 Ya

~

i
foF
L
Lo e
N '
o . ’
L
IS _
A ~
!
: R
! H . m e “ee g -y . . .
' M....ll.i..(.. TSI e semm it letan S0 vt lmmam < b wmmmmm - emmes .. . S .. emmaw .. S B N —— — L& S ——e anpms
- .
-, F O Y VP I VUPRO I GV R ST S :.tv,.;q [P . . -

e . UL e f - P . .t

e



B

o

TABLE 2-3. PREw.TED PERFORMANCE OF =~

——

AXIALL: GROOVED HEAT PIPES WITH
EXTURDED COVERT GROOVE

Film Coefficient

P ————

{ecena

‘c-g Heat Static .-

, - Temp Transport Capability -Height (w/m? - °C)
Fluid (°K)- e (w-m) - (cm) Evaporator Condenser

Ammonia 273 160. - 2.9 -- -

293 143 2.51 7300 20500

313 121 2.06 -- -

Methane 100 30 2.71 - -

i 120 34 2.13 -- -

140 28 1.54 - -

Ethane 160 27 2.56 - -

180 33 2.21 - -

Propane 233 25 . 1.95 -- -

273 21 1.36 -- -

313 13 0.81 -- -

Butane 273 21 1.78 - -

' 303 19 1.46 - -

-18-
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'2.2.4 3Swaged Copper Axially Grooved Heat Pipes » "_ .

> e e R : = t —ann . . [P

Mater1a1 p*opertles |1m1t aluminum to a maximum operating temperature of
approx1mately 425°K, where the strength of both 6061 and 6063 a]]oys beg1ns to
fall off rap1d]y. Also, the best fluid ava11ab]p for the intermediate range is
water which is totally incompatib]e with aluminum. For the intermediate to
high temperature 'ange, therefore, exielly grooved tubing of materials su;h aél
copper and its-alloys, stainless steel, carboh steels and super alloys is -
required,vand the swaging;ﬁrocess is the only known proceés which can effectively
be used today io produce axially grooved tubing in these materiais oh.a cost
effective basis.. i

During the past yeér. an extensive effort has been conducted by
B &K Engiheering and Teledyne Energy SystemS'to’deve1op a small diameter copber/

water axiai]y grooved heat pire for app]ieatibn'to the isothermalization of

n

radiator fins of a radioisotope thermoelectric generator (RTG).'' An internal
surface coi.ting designed to enhance surface wetting developed as part of the

effort has demonstrated excellent stability iﬁ continuous.opergtion at a temperature:
of 500° The geometry of the copper axia]jy grooved heat pipe is shown in

Fig. 2-7. A |

2.2.5 Trermal Control Applications . V T

As indicated earlier, a number of upcoming space missions require the ;
utilization of thermal centrol heat pipes to maintain temperaturevszability
with varying heat 1oadsr5nd/or sink conditions. Until recent]y,:however, axially
grooeed heat piees had been used oredominantiyin fixed conductance abp]ications.
It was only within the past few years that they were used as an ambient temperature
gas contro]fed variable conductance device.”s® At cryogenic temperatures, the
ATS Extrusion has been tested in various thermal control modes, including active

and passive gas controlled variacl~ conductance (VCHP), gas controMed diade,

-20-
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1iquid trap‘diode’and’ec a thermal switch.® A number of ambienc temperature

gas contro]]ed VCHP des1gns have been teated by NASA/GSFC for potent1a1

. applvcat1on to; Shuttle payload thermal control canisters.!®

Limited publ1shed data is ava11ab1e to ascerta1n ax1al]y grooved heat
’ i
pipe performance in thermal control de519n . Unpub]lsied data®’ 1nd1cates

performance degradat1on in the gas contro‘]ed VCHP's tested by GSFC. The

. amount of degradation, however, is not consistent with variations occurinq-'

‘mostly among the different vendor designs Degradat1on seems to be related to the

gas reservoir transition w1ck interface des1gn although sore degradatlon in
performance has also.been noticed when non-condens1b]e gasses were introduced into

a fixed conductance pipe using the Lewis Covert Groove Extrusion.?? It isn't -

clear at thfs point whether some degradation is inherent 1in gas-contro11ed VCHP

applications orrwhetner it is solely gas reservoir design dependent.

~“1n other aspects, the ATS Extrusicn has performed as anticipated.® Controi
to within + 1°C.was obtained with feedback control -versus + 10°C with the same

system operating in a passive mode. Tests conducted in‘a Tiquid trap diode mode

-indicate that the energy associated with shutdown is approximately twice the

latent heat associated with the inventory required to fill the heat pipe (1.6'w-hrs
shufdown energy for the configuration tested)l The backflow due to heot'piping
during shutdown is therefore minimal. Operation'of'a thermal switch was also

denonstrated using a liquid trap as a second heat pipe. The simultaneous heat

piping action by the liquid trap had a neg!ibible.effect on thé diode's shutdown.

-21-



3.1 Introductvon

3.0 _ANALYSIS AND DATA CORRELATION L R

. . . [
A number of ana]yt1ca1 models have been deve]oped over the years to predict

axially grooved heat pipe performance. The early mode]s’9 25 ysed c]osed form

solutions to predict the heat transport capability of rectangular groove
{ : . -

cross-sections. Later, computerized solutions of the applicable differential
P .

equations were used to predict the thermal conduciance?:27 as well as transport

/
'~ capability. 28 The ana]yt1ca1 mode] developed for the ATS Grooves?® cons1dered

measured groove geometr1es and for the first time; the effect of meniscus recession
and fluid inventory on heat transport performance. While this was a fairly

comprehensive treatment of the phenomena associated with undercharge behavior,

only a limited effort was devoted to correlating measured data. Furthermore, the -~ =

model did not account for losses due to liqdid/vapor shear interaction and 1-g-

puddle flow effects. | - |
 The liquid/vapor shear terﬁ has been demonstrated.to be a significant loss

factor when operating at high vapor velocities resulting from t .gh heat throughpﬁt":f

or low vapor pressures near and below one atmosphere. Excess fluid on the other

hand, can create a puddle, which will contribute to the overall heat pipe

performance in 1-g,‘but not, howeyer, in 0-g. Excess fluid, which can be a resu]i
of either overcharge or drainage from tha upper grooves, nr{ only increases the
heat transport at low elevations, but can also significantly increase the
measured hydrostatic hzad at high elevations. Both result in an erroneous
extrapolation to o-g performance. A _

A sicnificant portion of the effort conduct2d under this program;‘fherefore,
was directed at the development of a reliable hode], incorporating up-to-date

theory, and the verification of the model against acasured parformance dita.

-22-



The analysis was limited to an evaluation of tﬁe hydro&}namic behavior of the
axially g}obved heat pipe including vapor shear interaction, effect of advefse

tilt in ILg, and puddle flow. Thermal modeling of evaporator/condenser ;
conductances was investigated in a concurrent effort at GSFC.2%»3% The effort .
conducied under the present program culminated .in the ggveTopment éf a coﬁpfe-'

hensive groove analysis computer program (GAP); which'is'descfibed in detail

in Ref. 1C. GAP has been used to predictl;heAberformance.of the ATS grodve form.

with ammoria, ethane and methane at various operating temperatures, é]evations

and fluid fills and predictions were compared to measured data. The following

section preséhfﬁ a description of the mathematical mddef and a comparison of
predictions with measured data. | |

3.2 Capi11afy Pumping Limit

The mathematical model for the capillary pumping limit in thevaxia11y
greoved'heat pipe was developed'on the basis of the assumbtions i]]ustrqtgd“in
Fig. 3-i. The heat pipe consists of single evaporator and condegsefw;eéions
with uniform heat additior and removal separated by 56 adiabatic section.

This model is typical of many applications and is most useful in obtaining
standardized performance predictions that can be applied to various conditions.
To accomodaté-mqltip]e evaporafors and/of condensers, equivalent QL can be

used or actual heat input/output boundary conditions can be incorporated into
the model once fhe points of zero mass transfer have been-identified. Similarly
non-uniform axial heat load distributions can bg specified. =~

The model is based on independent and uniform grooves equally afTected
by body forces. It was assumed that no drainage occurs between grooves and-
that each groove is filled with the same liquid inventory. The assumption of
zero-communication between the grooves is based on measured data which indicatés

that under normal conditions the grooves perform independently of one another.

-23-
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Fig. 3-1. Heat Pipe Flow Conditions
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: !
Symietricheat load conditions were also assumed in the development of theimode].

Asymmetric heat loads and heat transfer in the wall of the heat pipe as tﬁey
affect partial burnOut,‘ahdlgrooye drainage were not considefed because Cf the
complexity of combining héat transfer Q{th the hydrodynamics. 3

The basic formu]ation of the model with these éssumptibns is.discuséed
beloﬁj ?

3.2.1 Pressure Balarce

/ Mass flow and pressure profilés corresponding to ‘uniform heat input
and output as well as the forces acting within a typical element inside the
heat‘bipe are shown in*Fig. 3-1. As heat is added to one end and rcmoyed>from

the other, flow develops within the heat pipe and a breséure'differential'is

developed between the liquid phase and the vapor phase as shown in the pressure -

profile. This pressure difference is highest at the evaporator and approaches
zero at the end of the condenser. For steady;stafe operation the interfacial
pressure difference across the meniscus surface is balanced by capillary forces
developed by the groove opening. The pressure ba]ance_in any- location along the

heat pipe can be written as follows:

. egf) o+ 1 .
Py.x ™ Po.x . c ( Ky S R ) (3-1)

In an axially grooved heat pipe, the two principle radii of curvature at

~ the meniscus interface consist of a finite radius characterized by the greove

width and an infinite radius along the groove axis. 1In the differential form,

the axial variation of the interfacial pressures can be written as follows:

-25-
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X _ = . O . .
a dX RZ  dX ‘ _ : (3-2)

where R, is a single principle radius of curvature of finite value at any- ;

locatibn X.

3.2.2 Vapor Flow Losses

Vapor f]ow is dom1nated by viscous forces Two types of vapor flow

. conditions, lamlnar or turbulent, can exist within the heat pipe depending

on the working Fluid properties, operating temperature range, and heat flow:® 5

" In the laminar range where the Reyno]ds number (Rev) is the less than 2000

_ the veloc1ty profile approaches the usual parabo ic shape of the Hagon-

Poiseui]]e’f]ow. For this case, the vapor drop is given by:

dp, . 32y, m | (3-3)
dX A D2
nv

Fluid properties and vapor flow characteristics are assumed constant over the~

length of the pipe. Meniscus recession has only a second order effect on the

vapor space.
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At Reynolds numbers above 2000, the vapor flow enters the transition and

turbulent range. The'Blasiu; Eq. for tﬂrbu]cnce is used to predict the vapor

* pressure drop in this regime.

S _ :
9y . 0.156 vz,

- . ——5——— Re I(is ' o ‘ . . -
?x ; oy Djy v o _ '4(3 4)
where R =[9;!9] = ,EEL} '

: e"_ L v Au |

The model is limited in this case since the onset of turbulence is not well

_defihed and alsc because the axial variation of Reynolds number.With'the

flow changing from laminar to turbulent must alsb be taken into account.

This analysis doss not account for the momentum pressure drop and radial vapor

flow effects beczuse they are gehhra]]y small for most spacecraft Héatfpipe
applications.

3.2.3 'LiQuid‘F1ow Losses

Laminar Tlow generally prevails in the liquid phase unless pumping is -
assisted by external fofces (e.g. refiux operafion). In most wick designs
(é.g. screén wicks) the Hagon-Poiseuille équation for laminar fiow can be

apb]ied diréci]y. However, in axially grooved heat pipes where thefchqnne]s

are uncovered, the shearing efféct_éahééd'by the counterflow of the vapor

against the liquid can induce & significant pressure loss in the liquid flow.
Hufschmidt, et. al.?® determincd an empirica’l experession for a rectanaular
groove whose depth is greater than the groove width, which accounts for this

loss.

-27-
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In the liquid, pressure gradients resulting from these body forces can either

augmént or reduée'the avai1able‘capiliary pumping. Body forces in a heat 5ipe

are divided ihto normal and parallel force comporents as follows: S

(a) Parallel force compdnent " ' - :

P ,
X . (dpb,x) :
b N Ly " o  (3-16)
(b) HNormal force component )
AN . | (3-17)

In the axially grooved heat pipe, the noval component % usually small compared

to the parallei component as long as the grooves are non-communicative and as

long as the groove depth is small compared to the static height capability of
the groove. In actual static height measurements pcrfofmed by Molt?! groove
depth effects were determined to be less than 10% for groove aspect ratios (%).
greater than one. For the ATS grooVe form the effect of the grrave depth on the
top groove's capillary pumpiﬁg is-less than.-6%. '

In addition the normal component acts on the liquid in the groove in
varying degrees'dcpending on circumferential location. It will tend %o drive
_the Working fluid out of tée top grooves and into the bottom grooves, and the net
effeéf of groove deptih on'averagé pgrformance‘is further reduced. For these
reasons, the normal force cOMboncﬁt waS“cxcluded'}fom thé analysis and only
the paralilel component‘was inc1uded~§dwfhe f]qw"mﬁdel; ,qu the heat pipe config-

uration shown in Fig. 3-1, Eq (3-16) for the parailel body force component can

-28-



v = . - y
Lx Py Aox N . ’/
[/’
_ Ry - R, Pghg Ry dpyx o -
v 3 uy LS 2 dx (3-12)

Using Egs. (3-3) and (3-6), Eq. (3-12) becomes

For. laminar vapor flow (Rev < '2000)
_ 4 (R=Ry) v, A (3-13)

RV Vz o AV

For turbulent vapor flow (Rev > 2000)'

o L 0.25
¥ = 0 0szs Mz Rv Ay A
: 0:25 1-75 py V
RY A} v v (3-14)

The groove aspect ratio of Eq. (3-6) cah be éxpressed as

¢ - (RV+Rt) Sin E- ‘Rt

R " Ry

(3-15)

3.2.4 Body Forces

The Body forces exerted on the 1iquid can be derived from gravitational
or other accelerational forées such as centrifu§é1 forces induced by spinning.
Body forces affect both the liquid and the vapor,>however, their effect on the

vapor is generally negligible because of the Tow density'of the vapor phase.
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In the~1iquid,-pressure gradients resu]ting-from these body forces can either

'augnent or reduce the avai]ablefcapiliary pumping. éody forces in a heét{pipe

are divided into normal and_parai1e] force components as foilowsf

e
b o
(a) Parallel force component

!

i

: = Py o
RN T - (3-16)
(b) Normal force component
»A (de,X) - - A
A=) =e9, . -
: L . .
A dx i ) + ‘ - (3917)

| In the axially grooved heat pﬁbe, the normal component is usually small compared
‘te the parallel component as‘]ong as the grooves are'non-communicatiye'and as
long as‘the groove depth is small compared to the static height capabi]ity of
the groove. In actual static height measurements performed by Molt3!? gr0ave
depth effects were. determ1ned to .be less than 10% for groove aspect ratios (5)
_greater than one. .For the ATS,groove form‘the eifect of ‘the groove depth on the’
top groove's capi]]éry'puhping is less than 6%.

In addition the norma]‘component.acts4on the lTiquid in the groove in
varying neorees'depending on circumferentie‘ location. It Wi]1 tend to drive
the wnr;1ng fluid out of the top groove< and into the bottom grooves, and the net
effect of groove depth on’ avenag ptrformance is .further reduced. For these

_reasons, the normal forge component was excludéd from the analys1s and only
'the paraliel conponent'was*included in the flow model. For the heat pipe config-

uration shown fn Fig. 3-1, Eq (3-16) for .the parallel body force component can

-30-
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be exprescad’as:

4 _ Y-

(gp_’kzi) . apgy SinB (3-18) I
dx 1 . . : . ) i
P ~ 3.2.5 Capillary Pumping Limit Governing Equations
. The Tiquid and mass flow rates are related to the axial heat flew as:
%, ’ : ] . ‘
L. P
. - -
/ i

f Meox =~ Pyx =~ & (3-19)
) - A o
= By combining the preceeding equations for pressure loss and mass flow, and
; equating them to the capillary and 1-g body force. one obtains the fb]]owing

equations whichAéetermine the heat pipe's transport capability'within the '
'§* capillary pumping limit.

For laminar vapor flow (Re, < 2000)

’ Q 2

o _ d.Rx p,aSing 4 [,_»_8}1\/2 Vg (1 + -2 ﬁ)] _%c\_ (3-20)
Ry 9k PvAVRy Kyhex®s

For turbulent vapof-f}ow (Rey, > 2000)

1.7

dR oo 0.0656uy7 7" Q Y, N * (3-2
,07_ = P8 S8, ')-,7"1vT-zs X DR (v + 9_3— v) _)_X— "
Rx dx pvf«v RV 5 A K‘Agx X

. 3
o it dien wde’, wididmts o s mie o
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Where‘¢ and @ argvdefined in Equations (3-15).and (3-13) or (3—14). re;pectively.
fTha left had&’side of the'preceeding'equations represents the cabil]ary
pumpfﬁg; ;hg:r{ght hand side reprgsents préssure dréps as follows: :
1. The first term is the h}drosfatic'losg, '
2. The second term is the viscous vapor loss. ‘
3. The third term is the liquid flow loss which combineé both theAz-
viscous 10ss and the pressu}e drop ‘caused by the 1iquid/vapor
shear interaction. o

Assumptions made in developing the governing equations are summarized

in Table 3-1.

'3.2.6 Groove Geometry

A number of basic groove forms, as shown in Fig. 3-2, were considered

during thé evé]uafion including: |

i (a) Trapezoidal Divergent Groove.

 This ﬁas.been thenmstcommonjyusedgfoove form in axially grooved
heat pipes to date. It has been fabricated in aiumindm‘by cold
forging as well as by the hot extrusion pfocess. Recently, a
icopper groove form has been developed and fabrication of similar
groove fonngin other materials is currently underway. The majn
feature of this form is that the two sides divefge. This provides

a small groove width in combination with a large liquid flow

area.
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TABLE 3-1.. ASSUMPTIONS FOR CA?ILLARY PUMPING LIM'T‘

GENERAL

1. i_No drainage,andxzero-communicatigh between grooves.
2.  Steady->tate operation. '_
- 3. :Constant f]u\d properties for ent1re system
 4. "Symmegric ‘heat addition/removal.
5. No‘noé-condensible gés.
6. Uﬁiforﬁ-grdoVe properties.

- . VAPOR FLOY

1. 'Incompressible flow. .

2; f.Viscdus pres%ure drop is determined by Hagon-Poiseuf]]e‘Eduatfon for-
. 1am1nar flow; B]a51us Equat1on for turbulent flow. |

3. Momentu1 pressure drop and radaal vapor flow losses are neg]1g1b]e

4. Body force effect is negligible.

LIQUID FLOW

1. Incomp1e551b1e, laminar flow.

2. -Hagon -Poiseuille Equation is utilized for viscous pressure drop

3. Hufschmidt Equation is app]1cab1e for all groove fOﬁms to acceunt for
vapor shear effect. | | | |

4. Neg]igiﬁ]e gravity e}fcét around the circquéfence.

5. Oh!y parallel body force is applicable.
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This groove form represents a limiting case of the- trape-
zo1da] groove in that the two sides of the groove are’ para11e1
Circular D1vergent Groove ‘

This groove form is similar. to the trapezoidal form in that -

* it provides a small groove opening in corhination with a large

. flow area.  Prototypes of-this groove form have been fabricatedi

(d)

in aluminum extrusions.

Cowvergent Groove

This groove form 1s the oppos1te of the d1vergent form Its

' minimum pump1ng_rad1us occurs at the bottom of ‘the groove.

The convergent grooves are triangular in shape; they are

" usually formed in the heat pipe wall by threading and are

normally used in combination with slab wicks, spiral arteries,

etc. to provide circomferential distribution of the. 1ioufd.

For ax1a]1y grooved heat pipe app11cat1ors, Tow liquid flow 1mp°dance.

“1in comb1nat1on with high pump1ng is des1red - Only d1vergent grooves,

ot Jrae——

therefore,

propert1es

-were considered in deta11; The Yasic forms and geometrical

of the trapezo1da| d1verqent and cxrcular dlvergent are

summarIZed in Figures 3- 3 and 3- 4, respect1ve1y

3.2.7 Solutions of the Govern1no Equations

The governlng equat1ons (3- 20) and (3 21) are best solved by’

numerical methods. A computer program (GAP) as described in Section 3.5

L
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was developed for this purpose. The computer program uses the fourth

order Runge-Kutta lntcgratwon method with selr -adjusting step sizes.

- Spec1f1ed inputs requ1red to solve the governlng equatlons 1nc1ude

working fluid properties, groove geometries as defined in Sect1on 3.2.6,

heat pipe diameter and number of grooves. In addition initial conditions
and heat distribu{ion,are also required to'completely specify the problem.
Referring to Fig. 3-1, the axié] heat flow rate Qy can bereipressed in

terms of fota] heat input Q for each of the heat pipe regions. For uniform

heat input in a single evaporator/single condenser heat pipe separated

‘by an adiabatic sectioh, Qy can be expressed as follows:

;,.‘ Eveporator: 0<X< LéAz , Q, = §£

: . e
Adiabatic: . Le <X <lg*L,, Q = Q (3-22)
Condenser: L-Lo <X <L . Q= 0Q(L-X

Equations (3-20) and (3-21) are solved numerica]iy by sbecif}ing'an
initial value cof Q and a minimum radius.of curvature equal to half the
qroove widﬁh at the cﬁd of the evaporator. The local radius required to
support thé fluid flow is then determined at each axial location b} integrat-
ing %rom the evaporator to the condenser end. Onco-the radius of curvature
%sjkﬁown the corresponding fluid inventory 1is read11y obta1ned 1f the resulting

meniscus radius at the end of the condenser is less than one half the vapor

) diameter, the calculations are rcpeated by increasing the heat load until the

maximum heat load is reached. The maximum hcat load is achieved when the .
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meniscus at the condenser end is equal to % D,. The above calculations can-
be repéated for varfous elevations until a family of curves of Q versus
charge] and alevation are obtained.

|

‘3.3 . Other Heat Flow Limits

’ In add1tlon to the cap111ary pumping 11m1t, sonic and entra1nment
‘.11m1.s are a]so evaluated by the GAP program
3.3.1 Sonic Limit L
: The vapor velocity in the heatvnipe evaporaton increases steadily
along its 1ength'and reaches.a maximum at the evaporator exit. The
maximum vapor flow which can exist there is the sonic velocity. The -

~ axial flow corresponding to the sonic limit is theretore (Ref. 32).

Q*(DA-).J\%'/_ROT -
ST 2 (Yy+ 1) M . . 13-23)

3.3.2 Entrainment Limit

i

The entrainment limit is also associated with high axial vapor flow

: ve10c1t1es Since liquid and vapor are in d1rect contact along the heat

pipe,. a sheaf.fonte:exist54at theijr interface.' At low relative velotities

the shear force merefy.increases the viscous dhag'for_both phases. As the

relative ue]ocity becomeé'greater the interface becomes unstab]e and

small 11qu1d droplets are torn from the 11qu1d surface and entrained into

the vapor. Th1s entrainment phenomenon reduces the amount of liquid pumped

back to the evaporator and the heat transport capab111ty is reduced.
Entrainment 1s'as§oc1ated with the Weber number which is a ratio

of inertial forces in the vapor and'tension forces at the liquid sunface.

A Weber number of unity is generally considered as the onset of entrain-.
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ment. The corresponding heat transport 1imit is given by (Ref. 32 ).
S ' i

Qe = [g_ﬁy_ YA, o 3
W : o
: (3-24)

3.4 Excess Fluid Evaluation

/

I f The preceding sect1ons dealt w1th fundamenta] f]ow conditions
" B

i w1th1n an axially grooved heat pipe. The model for the capjllary pumping
/ 1imit assumed either completely .aturated grooves or partia]]y;fiiledf

1 grooves. In actual application, however, che heat pipe is most likely to
| .be‘slightly overcharged in order to assure a fully saturated‘condithn
and, hence, optimum performance. The effect of excess fiquid {nventory
on perfdrmance in both o-g and 1-g, therefore, is of interest in the over-

all evaluation of heat pipe performance.

‘3.4.1 Zero-G Slug Formation

It is presently theorized thgt 4 heat pipe operating in o-g with -
an overcharge m111 develop a slug at the dounstream enu of the condenser.
The pr1nc1pa] effact of such a liquid slug will be a part1a1 b]ockage of
the condenser section, resulting in a Jagraded condenser conductance.

The larger the quant1ty of excess 11qu1d the 1arger the degradat1on in
conductance. The degree of condenscr blockage is dependent on the vapor
core crqss—sect1ona1 area and the shape of the excess slug at'the vapor/
liquid interfdce. Unfortunately, 1ittle is known about the liquid slug
behavior in o-g and no data is available to develop empiricel models.
Current hypotheses range from deep parabolic shapes naintained by vapor
dynamics and extending over significant portions of the condenser to nearly
flat interfaces which assume gressure equilibrium with a nearby flat

meniscus in the grooves.
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Since 1ittle condensation will occur ‘directly into the 11qu1d slug,

no s1gn1f1cant mass flow will occur between the slug and the grooves
i

A zero liquid mass flow condition and zero vapor f]ow velocity at the 1iquid

- slug interface imply that no pressure gradient exists between the

slug and the nearby grooves. Since ;he meniscus in the nearby grooves
consists of only one finite radius.of curvature on the order of 0.5 ﬁv;

and since the slugvhas:two finite radii of curvature,'the slug must assume
a flatter shape than the Qroove tO-maintéin the nera]y'zéro-pressure |
differential.  Assuming a uniform slug with a nearly flat interface its

length is:

Am
‘ Py Av
|

where Am is the excess liquid charge.

Lsy =

(3-25)

3.4.2 Excess Liquid 1-g Puddle Flow

The effect of excess liquid on performance'ih”I#g can be more
signigicant than in o-g. If the overcharge is substantial a puddle will

form and heat transport in excess of that furnished by capillary pumping

_wi]] be realized.

When an axially grooved heat pipe is operated Qith excess working
fluid in ]-g,‘abpudd1e will form. There are three distiﬁct liquid flow
regions in the heat pipe when there is a puddle. As shownin Fig. 3-5‘
they ére: '

(a) Flow in grooves unaffected by the puddle: These grooves

extend the full length of the heat pipe. 4Pumping'is derived
from capillary forces and equations (3-20) and (3-21) apply

*. for the entire groove provided that the adverse heat pipe’
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eievation is smaller than the theoretical static height. s

When the heat pipe elevétion is greater, the grooves

will partially drain, further éontributing to the puddle
flow. in tiiis case the capi]iary pumping will be exerted

on thevgroové length where the 1iquid remains in the grooves.

j (b) ;Flow in thelgrodves affected by the puddle: Fbr the portion
i }of the grooves extehding beyond the puddle, the same
| / t pqmping.bgpavior as deécribed in the preceding region wif]
occur. fﬁ addition, the effect of the puddle on these grooves '
is a.reduction in both their transport 1ength and the actual
e]evatlon ,
(c) Puddle Flow: Gravity will provide the driving force for the
liquid return in the puddle. Pumbing along the puddle is
pinvided by the variation in the clevation of the free
surface of. the puddle.v |
| The presgncé of "a puddle in the heat pipe wil]iaffect.pefformance
in two ways. It increases the axial liquid fefurh thgrgin increasing heat
transport performance, and decrecses the pumping elevation to partially
submerged grooves. Both effects recult in an increase in measured performance.
A model designed to predict puddie iow effects in an axially grooved heat
pipe was developed and incorporated as part of the GAP program. Tﬁe
pudd]e f]ow model con51ders internal flow and static conditions up to the

static W1ck1ng he1ght of the unsubmerged grooves. Drainage offects above

the static height limit were not included as part of the mbde]. A detailed
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derivation of the equaticns goverﬁing pUdd]eiflow is presented in
i | . B 7 | 1

Appendix A. The approach taken as well as the resulting equations are |

" presented below. |

The model for puddle flow is based on the fo1lowing.assumptionszh

(a)

(b)

-(C)

(d).

(ez

f , N

PRI C I TE VO YRV OU U

Condensation and evaporation are uniform in the axial directioﬁﬁ 
The effect of asymmetric heat transfer is neglected.
Flow in the puddle is one dimensibnal and the Hagon-

Poiseuille Equation is applicable to the liquid pressure

A AR M Shah heba ot ae

drop in the ﬁudd]e.

The iﬁterface between the pudd1e and fhe-groove is‘continuous

without interruption by the groove land (i.e. the land is'_
néglectedaat the interface). B -

For the region of the groove exténdihg‘beyond‘the puddle, the groer's
maximum performance can be ﬁfedicted by a c]oséd form solution which
is proportional to the apparent'static height of the portigh of the

groove unaffect2d by the puddle and the inverse of its effective length,

i.e. v
: ) (QL)max {] .- L } .
9 Lagr ~ Pnax
: - o (3-26)
where ine transport capability of a-groove (QL) and the

max
static height (hy,y) are calculated for a nominal charge by .

solution of Eqs. (3-20) or (3-21) as discussed previously.

-43-

i



The puddle flow ana]ys1s con51sts of sat1sfy1ng the Equat1on of
Mot1on for the puddle and Mass Cont1nu1ty at the 1ntersect1on of the

puddle and the submerged grooves. The analys1s was conducted for the

flow modellof Fig 3'6 The governing equat1ons for the puddle in an

axial]y grooved heat pipe are as follows:

" Equat1on of Motion in Pudd]e

p gdds B Ry in & 95m By Ml (x) |
L7 » Z 2 dx TE)——(3 27)
" Eq. (3- 27) represents the pressure balance required to satisfy
the flow condition. The pumping force is derived from the gravity acting

on- the free surface of the pudd]e as shown in F1g 3-6. This pumping

f force is denoted by the term on the left hand side of the Eq (3'27) The
_hydro tat1c and dynamic 1osses within the pudd]e are on the right hand side

of Eq. (3-27). The first term is the hydrostatic head developed as a

result of the pipe inclination. The second term is the 1iqdid viscous loss.

A Mass'flow continuity must exist at the phdd]e/groove interface and. the

follow1nq equat1ons apply.

Cont1nu1ty Equat1on (Mass Flow Cont1nu1ty)

de :
fgg =_(Q»_LZ@; (1 -'s x )nr dP- 4 QSpQQ_ (3-28)
dx an Xoes Prax X , '

nhere xeff’gr and QzAare shown in Table 3-2. - The heat capacity, Qgp, trans-

ported by the grooves that are affected by the.puddleiiszl

B P (.5 o
- 1-8 P - -
Oép fo 2 xeff ( ) . (3-29)
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- ; TABLE 3-2. DEFIMITION ‘OF FUNCTIOMS
- { A IN THE GOVEPMING EQUATIONS OF
. | - PUDDLE FLOW
In the evapora’or, Le ZX >0
) = 1y
3 xeff 2
i X
9 = ——
r ;'e ‘
= ]
2, | E__.
e
1In the adiabatic section, L, tLo2 X2l
. 1
; off - X-2le
’ Q- = 3
r
Q, = o
In the condenser, L > X > Le + La
- X = (x-L L) fr-lx-x oy s+
eff e a’ Lc a e a 2
. = 21 -1 -
Q. 1 1 (X - L, La)
= -1
l'C
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"The first term of Eq: (3728) represents the net flow increment
across the puddle e]oment ‘ The first term on'the right hand side of
Eq. (3- 28) denotes the flow 1nterchange fron the puddlc to the groove
‘1nterseét1ng the puddle element. The second term 15 the mass transfer
to the }ree 5urfaco of the pudd]e element. ‘
(3 27), (3 28), and (3 29) are solved by the fourth order
h 'VRunge-:utta integration nethod to ye11d Q and ep. Snecified cond1tlohs '
requlred for the solution cons1st of ' '
" (1) Groove geometry and heat p1pe t11t
(2) Evaporator, transport and condenser- ]engths
~(3) The' start1ng location of the puddle in the hea+ p1pe
The tota] heat pipe transport is ca]cu]ated by summ1ng the heat capacity
Qsp w1th the heat load carried byAthe remaining grooves. The fluid 1nvent3ry
__is also ca]cutated'directly once the puddle angle (ep) has been esteblished.
Solutions are then obtained for different pudd]e leng*hs until the fluid
_inventory exceeds the specified overcharge. The.rcsu1t: can‘theh be

'1nterpolated to establish the perforhance at sp°c1f*>d overcharge cond1t1cn<

3.5 Groove Analys1s Program

" The Groove Analysis Prog)em (GAP) was dere1oped to predict the performance
- . of various gxoove oeoretr1es for undercheroe and/or overcharge cohditionsf
The plooram is descr1bed in detail in the User's Manuallé ‘ Bath 'Iig and
o—g conditiohs are included as part of the program. The code will perfOrh
the transport prediction_for various heat p%pe'o]evot%ohs at the user's

option. The follewing are the'principal features of the progran: .
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3.5.1 tapi]lary Pumpinc Limit

!The capillary pump1nq 1imit s obtained by solving the govern1ng
(3 20) or (3-21) using the fourth order Runge-Xutta method for

specified initial cond1t1ons, vworking fluid properties, and axial grocve
and heat pipe gcometriCSQ The axial aroove liquid flow characteristics’,
Awhich'consist of meciscus radius, permcability, groove'area and
capillary pumping force are prégented’in the pcogram output. . The groove
capillary flow chacacteristic ('_§§EE_) as'we]] as the gravity, liquid,
vapor and ]iquid/vapoc sheac losses are also decerﬁined and can be utilized
in the der1vatlon of an emp]rwcal sed-form so]ut1on for-heat pipes in the
groove design opt1 ization study. The G P normially prlnts out the above
rosults fot the ideal charée-condition, hcwever, the transport capabi]ity:
aé a,function of undercharge will be ca]cu]ated at the user's option.

3.5.2 Additional Heat Flow Limits

"The GAP nrogram will also predict the axial heat flows correspording
to the sonic end entrainment limits. The sonic condition and entrainment
usually result during operation at low vapor pressures. Once either limit

is encotntered in the heat pipe prior to thé capillary pumping 1imit, the

progrem will combute the axial jroove 1]0' characteristics on the basis of the

sonic or entrainment 1imit whichever is the smallest.

3.5.3 Geemcotry end Heat Load Conditien

"The code is currently able to ana]yze:ﬁhe following grnoveAfcrms:
trapnzo1dn], rectangular, convergent {(triangular) and circular, which
are shown in Fig. 3-2. The analysis- is limited to uniform heat addition’
and rcmoval with single cveporator and condenser sections. %he code-is
programmed in a marner to be casily ;odified by the user to handle- non- .

uniform heat addition and removel. Multiple erd asymnetric heat leadiry,

prcferonu1ally filled qrooves -2nd drafnage arc nol considered.
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' 3.5L4 .Overcharaqge Condition

‘A heat p1pe operatlng ‘in o-g w1th an overcharge will develop a un1form
slug at/ the downstream end of the condenser The program predICtS the o-g-

slug based on a 1% overcharge relative to ‘the nomlna] fluid 1nventory calcu]ated

by the program when the heat pipe is operated with excess worklng fluid in 1-g,

a pudd]e will ‘orm The program determines tota]‘performance;'inc1uding puddle

flow contribution. The program is valid for e]evations'less than the
theoretical statlc height of the groove .Drainage-effects.are not included
as part of the ana]ys1s .

3. 5 5 Pressure Contalnment .

The GAP Program also ca]cu]ates the pressure conta1nment requirements

for a heat pipe exper1enc1ng temperatures above the critical point of the

~ working fluid. The containment evaluation includes internal pressore of the

heat pipe at maximum service temperature and the reservoir volume required

to accommodate the maximnm'allowable pressure determined from the strength

' of>the heat pipe wall material.. The internal pressure at the specified

service temperature is ca]co]ated using the Beattie-Bridgeman Equation of-

~ State.

3.6 Predictions and Data Evaluation

The GAP was utilized to predict the‘heat pipe performance for the

ATS-6063'extruded,groove.tubjng_with the follgwing working fluidS'and )

temperature ranges: .-

Methane . . 100 - 150° R
Ethane ~ - - 150 - 220°K |
Ammonia 200 - 300°K -

&

The cross-section of the ATS'extruded grooye geometry is presented in Fig. 3-7

with tbe'measured groove properties of actual tubing.
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ATS Groove Properties

Number of grooves N = 27 : )
Vapor Core Diameter D, = 0.86dcm L
~ Groove Width W = 0.067cm
Groove Depth & .= 0.108cm R
: % Groove Root. Diameter ' Di = 1.08cm
| Lend Thickness | T = 0.0376cm
f Groove Land Taper Angle £ = 3.749 deg
I ' : ’
| Single Groove Area , Ky = 7.704 X 107%em? .. »
{
b 143 —~
LD,
\D&/
27 FINS
EQUALLY
o SPACED
Fig. 3—7. ATS Extruded Geometry
g -50-
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3.6.1 Data Correlation

[

Coqbarisons between predictions and test daté’»are given in Figs. 3;8
through 3:19. The objective of the evqluationﬂwa§ to compare parametric o
performaﬁée data for the various fluids at different operating temperatures
witﬁ results from the analytical model developed under this study. 'Discre# )
parcies between measured and predicted performance were evaluated. Generally,
the following were noted: _

- a. Atvlow elevations, fhe predicted performance is higher than.
measured data. The lower the temperature the higher thié‘"fl
discrepancy. This effect seems to be relatedhtqﬂyapor losses
and is especially apparent'in the turbulent vapor flow regime.

b. At intermediate e]eQafions, good agreément wifh.measared'da;a‘
was obtained. |

| c. At higher elevations, measured data is subsiahtia]ly higher

~ than predfcted. Drainage effects are believed to be causing
_ this difference. | o
Result;Aobtained for each,f{didAe;qluatéd are summarized below:

a. Methane

Performénce predictions for methaﬁe‘compafed to test data from
Ref. 1 are shown in Figs. 3-8 through 3-12. The turbulent region is also
indiqated. As expected, the performance curves Become nonlinear in this
region. The predicted results indicate that thg'nonlinear effect of turbu}ent
flow i; most pronounced at the lower end of the'femperature range. ”At iOO”K
there is aboufa 5 watt discrepancy at the lower elevation (0.254 cm) and the
difference decreases as the elevation increases. Near the theoretical static
 height 1.05 cm, the predicted performance becomes less than the measured

values. At 110 and 125°K good agreement is obtained except for the cases

-51-

ot bl om

mavale e der amesnk b e



e r————— e e

" near the theoretical static height. It should be noted that an additional

0.7 g'orer‘7.4‘g contributes,about 2-5 watts in performance. Above 140°K

_ the deViation from the measured data iS'significant for"thosevpoints~hhose_

- oo : s . . o gs
elevations are greater than the theoretical static height. This dev1at10n
l

may ‘be: exp1a1ned by the dra1nage effect and the dra1nage evaluat1on w111

'be presented in the forthcom1ng sect1on

b. Ethane

Predicted performance and measured data are'presented"in Figs 3-13

_through 3-15 “for ‘ethane at operat1ng temperatures of 175, 200, and 225°K

with 9.3: and 9. 8 g charges The turbu]ent reg1on is a]so shown in these

Figs. The effect of turbu]ent f]ow does not appear s1gn1f1cant .or the

"temperature and elevation ranges cons1dered : As in the case of methane,

the pred1cted_performance 1s_genera]1y higher than thermeasured values at

- lower elevations and lower at elevations near or above the theoreticaT

" static height.

. C. Ammonia

Performance with ammonia is compared in Figs. 3 16 through 3-19 at
temperatures between 200 and 300°K. It should be noted that the evaporator

sect1on in these cases is 30.5 cm. At 203°K the vapor flow is ]am1nar through-

“out all e]evations. The theory predicts 1ower performance if the mean

values of the measured data are used for compar1sons _ ‘

For the temperatures of 223 a:d 248°K and Tow elevatwons, there is a-
substantial decrease in predicted performanceldue to the turbulent effect.
Turbulence is due to .the fncreased-heat transport'capactty resulting froml_ £

Tk

improved liquid propert1es At "ery'dow elerationS"no data“is available '

“for compar1son. Near and above the static hEIth the theory underpred1ct-
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the performance; . this discrepancy is attributable to the drainége effect.

At 273° K, Fig. 3-19, the results for the 11.2 g inventory fo]]ow the same
performance patterns as pred1cted for other temperatures, however, the
prediction for 13 g (120% charge) shows a s1gn1f1cant d1screpancy from the
measured values; the discreoancyﬁmey be due to the fo]1owing:' } . {
- 1. Error in the data: Based on the measured'dafa of ammonia at

223K (Fig. 3-17), and methane at 110° and 125°%K (Figs. 3-9

and 3-10), it is doubtfu] that an add1t1ona] 0.8 g over 12.2 can
_‘_contrlbute 50 watts difference in performance It is pos»1b1
that the indicated heat pipe elevations are in error. |
2. Effects of hfgh overcharge: The 13 g inventory'representsva 20%
overcharge which is substantially larger then for any other

tests and which may have contributed to the higher performance;

3.6.2 Drainage Evaluation

Beceuse of the substantial differencegaat high elevations, the .
potenfial effects due to drainage were investigated. The approach taken was
to superimpose a partial drainagechndifion on the toougrooves and chen to
predict the performance of the bottom grooves using the puddle orogram. Once
the elevaticn of the pipe exceeded the static height of the individual
groove, the top grooves were allowed to drain in proportion to the excess
height. The puddle ;ormed by the fluid drainage was calculated and its
effect on the remaining grooves was determined. Results are shown in
Fig. 3-20. As can be seen, the predicted static elevation due to drainage
and puddle fiow shows good agreement with the measured values. As the
elevation is decreased below this static elevation, measured values tend to
be increasingly higher than those predicted. This is due to the fact that

the analysis only accounted for static drainage. Because the top grooyes
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cennot handle any heat, however, dry-out would account for further drain-
age, thus increasing the éapacity of the bottom grooves. A thermal nodal
Hetwqu model will be required to account for this effect.

3.6.3 Fluid Inventory Evaluation

Fig:. {3-21) compares the predicted performance as a function of
charge at different elevations with the experimental data reported in
Ref. 28. The ideal charge was 19 gn. The difference between predicted_

and measufed'performance for underfj]T conditions may be’éxpTained by the

fact that 27 uniformily filled grooves are‘as§umed in the computer model. -

For idesl charge, sufficient liquid is available to satisfy all grooves;

maximum performance is achieved in each groove an. hence good agreemznt is

however, there may be nonuniform 1liquid distribution within the~heat nipe

‘which causes come of the grooves to be partially empty while other grooves
are conpletely filled. This could result in a higher performance than pre-
dicted for 27 uniformly filled grooves. The non-uniform Tiquid distribution

“‘may be the result of non-uniform groove gecmetry or possibly different

gravity stressing among the top and the bottem grooves.

For overcharge conditions exact correlation is obtained at 2754 mm
(0.1 inches) elevation. The theoretical model overcstimates the héat
transport as the elevation is increased. At 7.65 mn the measurced data is

25 W versus 29.3 Q theoretical. This relatively small 4 W difference may

\ be due at least in part to the fact that the burn-out data is probably only

accurate to within a few watts.

-60- .

obtaincd between predicted and measured perforrance. For underfill conditions
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4.0 CROOYE DESIGH OPTIMIZATION

4.) blntroductlon - | k

The obe tive of the groove opt1m1zatlon was to e<tab11sh a
procedure for obtaining an axlally grooved georetry which will yield the
maximum performancc_for a specified static height, self~primiﬁg rcéuircment
heat pipe envelope, working fluid, ‘and operating teﬂperaturc. érdovc
characteristics as they affect fubricability ére inq{bded as part of the

optimization. To ach1eve the abovg mentioned. obgoct1vcs an ana]yt1ca1

tool is reguired ‘o pred1ct the heat plpe perfor Pnce in th° design prccess

The opproach taken was to develop a QINU]]fIOJ que] and deterinine the -

purpose en Gisirical value was developed

paramcters dictating.the performance. For this purpose a closed foram

solution was derived under the assumption of Jeminar flow conditions.. Once--

N
a design js selected the Groove Analysis Program (GAP) can be used to refin
the performence prodicticns. A detailed description of the derivation of
the empirical oquation used to predict thé capillary pumping limit is
presented in Appendid B.  The peremcters goycrning the heat'pipe performanc:-
vere identified in the cmpirica] equation. The signific;nce of these para-
meters on the porfermance behavior will be discussed in. qro<tor detail. A
conprohnns1vc exarple of the oplimization procedure will be presentcd for
con

the d1vorn;nb greove which s o preferred-design in axially grocved ieat pi-

4.¢ Groove Zanillery Tiew Vad'or
Sec WYVOUVE sl ety i ol or

The ditverential fos. (3-20) and (3-21) can. be reduced to & closcd
form solution if laminar flow is assumed and the e.fcct of meniscus recessi
on Tiguid flow characteristics can be redoced to an avcraged form.  For thi

i for the effect of meniscus roccssh

istics for the divergent arocve for

on cepillary punping end groove characteri

. -62-
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'Itécan‘be shown that N

Both circular and trape201dal (e g. Lew1s covert groove (Ref 22) and

ATS extruded tub1ng, respect1ve1y) grooves were eva]uated The cap111ary ‘
floy,factor can be defined as:

e
|

b N, = / X X 4R ‘ L (a-1)
- g9 : 2 X - :
l ST - %W R ’ g .

X

g Of 2 divergent groove with a sharp “land-tip”

. coﬁner depends on parameters A)/W, WP/4 and W. A plnt of N g HWP® versus

: ,A]E/w. for divervent grooves yields an empirical function:

- /7 3.4 )
»
N = o 87 _2_} W 3
g { T I N (4-2)

where A% and WP are the groove area and the wetted perimeter respectively,

- associated with filled grooves with a flat meniscus.

For divergent grooves with round land-tin corners the groove flow-
factor depends on an additional parameter Rt/w. The following empirical

equation was developed:

2 Ry,
R A'- §3.1 + 3 wt .
_ 't 2 . w 32 Y3’ }
Ng = (0787 - .08 —— ) (Wz—) | (i) '(4 3)
‘where 0 S Ry/H < 0.4 and WP = % (WP, + W)

The above groove flow factors viere based on’an 1nf1n1te rad1us of curvature
at the downstream end of the condenser. " When the meniscus at the downstream

end of' the condenser is chosen equal to the vapor core radlus Ry 1nstead of

~

a flat meniscus, a correction term 1s requ1red for the groove flow factor

&

The correct1on term usually amounts to a 5 to 107 decxea:e in Ng-
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4.3 Emer1cal Equations for Cap111a4y Pumping Lxmlt
) On the basis of the groove cap]llary flow factor as derxved géove the
governing eqqatIOn (see Eq. 3-20 ) for the capillary pumping }1m1t can be
deve]@ped into a closedform (see Appendix B) for a laminar vépor flow

condition as: . . ’

' h Wl
Qlegs N “q{ 1-H 7§
v

| RPN, R z B (4-4)
1 + ] £+ f
' where o '
" the 1iquid vapor shear parameter- is
f o= N . o __'l_ - 0
v 3amn W i W 'i : (4-5)
tﬁé viscous vapor-parameferis
- NN,
fy = 4 9
{f_l_ _ (1} ol (4"6)
‘and, wicking height factor is
H=_O : -

. {4~4) is fn dimensionless form”with the right hand side consist-
1ng of the following dwmenswonless parameters -
é,_ R;/W, the ratio of hzat pipe inside radius to the character1st1c
© width of the groove (W)} which is associated with the static

height requirements. Therefore, it denotes'the dimensionless

heat pipe internal radius.
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b. a, groove aspect ratio which is a measure of éfoove ﬁgpth wifh
respect to thc'characteristic width of the groove.l o, there-
fore, denotes the dimensionless groove depth ) ‘

c. A/, d1mens1on1ess groove area. It is equal to « for the

| rectangular groove. Therefore, the deviation of A; /w2 from o
is ‘an indication of groove obesity. | ‘

d. WP/W, dimensionless d}dove wetted perimeter.

e. fy,a géometrica] parameter which is the ratio of viscous vapor
to liquid pressure losses acfdss-the heai pipe.

f. fays @ geometrical parameter representing the.ratio of the
liquid/vapor shear to liquid préssﬁre losses.

g. v,/vg, kinematic Qiscosity ratio'which_is thgubnly fluid
propertyvon the-right hand sidé of Eq. (4-4). The larger the
ratio the higher the vapor and liquid/vapor shear losses. This

~ratio is norma]]y 1ess than 40 for crvogeénic and ambient fluids.

h. h W » this parameter indicates the (egradatwon of transport

H 2
capab1]1ty as a result.of 1-g operation and heat pipe elevation.

4.4 '":ﬁbmpositerféétS?A

Eq. (4-4) places no limit on thezsize'of the groove area that can be

used in combination with the groove width. However, it is well known that

a composfte effect will result if the groove area is made large enough with

respect to the groove width. To account for this condition in the groove
design, a composite factor S is-introduced and defined as the ratio of capill

pumping capability when the groove is filled to that obtained when the pipe

ic priming

AP, _ (4-8)
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The numerator is the pumping der1ved from the groove open1ng, whereas

-the deoom1nator is assocwated w1th the groove hydraulic radius depend1ng

on the groove area and wetted perimeter that is deve]oped during- p|1m1ng

Based on the above def1n1t1on Eq (4-8) can be rewr1tten in terms ‘

of the groove geometr1c propert1es as fo]]ows

" AJWP _2A7 - S
=" = 2 p .
> Wz WP W ' - (829)

. The formulation of Eq (4 9) can a]so be 1nterpreted in terms of the

'stat1c he1ght capabilities of the heat p1pe in 1-g operatlon By_mu]t1p]y1ng
‘ and dividing the middle term of Eq. (4-9) by 5_5_ one has.

o 2 *
S = fﬁé{#—Ji- = hy
oW h_ -
P9 A%, s (a-10)

where hw:is'the static height capability developed by the groove opening

when the pipe is filled, whereas hg is that obtained during the self-

priming mode. If the composite factor is greater than unity the groove

can not prime itself in the-range of static height hg to hy. In this case’

one has to a]]ow the heat pipe to prime stat1ca11/ at an elevation less than.

. h under a heat load g;eater than zero and less than the heat plpe transport

capability.
.Substituting Eq. (4-9) into (4-2) yields:

~

1.1 _ .
. ©0.87 2fA7n 3 ‘ , :
I il 7 ML (St)

£

Combining Eqs. (4—11) and (4-4) one ‘can sce that the larger the composite
factor,ﬂthe higher the heat pipe performanee_until the vapor arnd liquid

vapor shear losses become dominant.
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‘4.5  Heat Pipe 1-g Performance Evaluation

[ .
l
'

A characteristic of most heat pipes operating in the ‘cryogenic to

ambient temperature range is that they are mostly liquid f1ow 1imited.

To optimize the performance; therefore, it is desirable to provide large
flow channels, to minimize viscous losses in combination with a small pumpin’
pore size to maximize cap111ary action. In addition, it is also de51rab1e t

provide the maximum number of flow channels consistant with vaopr f]ow”restr

In the absence of body forces, i.e. "o-g", there are no constraints

on groove width (W) except vapor f]ow and fabrication limits. Any heat

pipe, however, must be tested on the ground to verify performance Since
capillary forces are relatively weak compared to gravity, ground test
‘conditions become the primary constraint on the size of the groove width

opening. The need to optimize the groove design for a nominal test elevatio

~is evident from Figs. 3-8 through 3-19. . For both high and ]ow'elevatjons

measured data deviates from predicted performance. Axially erooved heat
pipes therefore, should be designed to provide optimum performance around

a nominal test point. It is a]so evident from the test data presented in

those figures that the higher the test elevation, the wider the band of '

reliable test data. The axial groove heat pipe, therefore, should be

designed with a groove width whose corresponding static height is about 1.5

2.0 times the ncminal test elevation. In addition the optimum performance

'should be accomplished at the nominal elevation.

Referring to Eq. (4-11), it can be seén that for a given composite

factor and groove geometry, the groove capillary f)ou factor. is proportional

'to (W?) since the ratio (A”/W?) 1s approx1mately constant The larger the

-67-
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groove width W, the higher thebgroove-capillary flow factor. By suhstituting
. Eqgs.' (4-11) into‘(4-4) and assuming insignificant vapor and 1iquid/vapor

‘ shear losses, one realizes that the heat pipe perfdrmance at a'fixed

e]evation, ht’ will be maximized at an optimum groove width. The opt1mum
groove width can be readily cbtained with the approach of d1fferent1at1ng

the dimensionless performance Qess with respect tc the groove width.
RiN,

~ During the differentiation one further assumes that the composite factor -

and the g?oovc form are invariant. The result shows that for 6/R < .25

the optimum groove wwdth (Wopt) should be Wopt = 1.25 - 1. 33 which in
h

turn indicates h =.1.5 - 1.6. The grooge character1s.1c of

max/ht

W = _o 1is usually less than 0.5 which is equivalent to hmax/ht = 2.0.

i
| Based on the abovc analysis the criterion fpr obtaining the groove
opening is to determine its corresbonding static_height,thmax; in the range
of .5 to 1.0 times greateh than the specified test é]evation. In this case
one can have the optimum performance and a wider band of testable el!evation

in the neighborhood of the spec1f1ed test elevation.

4.6 Parametric Analysis for Divergent Groovqg,

This section presents the predicted perforhance of both circular
and trapezoidal divergent grooves {Fig. 4-1) based on the:theoryldeve]oped

in Sections 4.2 through 4.4. The typical performance of circular divergent

| grooves is shown in Figs. 4-2 through 4-4 for Ri/N = 8 and t/w = .89,

Ri/W = 12 and t/w = .9 and R;/¥ and t/w = 1.0,respectively.

-68-



P e s LTI "
. . .

R v — e e o
— —

Irapeioidal Divc;'gcnt Groaves

’.

~ Fig. 4-1 DIVORGENT GROOVE PROPLRTILCS

-69-

v B

S o



L S

R L L

S e R e R S e e T

xR o m wmare ey -

RS e < ary e s ke e e 4 e e ms e L ke e . - . L e e

o

¥ OF THR
IS Poqy,
l

|

JT

UCIBn
AL PAGE

REPROD
ORIGR

e s o - -

i T
\w . . ¢ K
e . —— ey - [, . - -
. v ' _.
4 '
: by
: ' . \
X sy I
! oy ;
' H i
G Pt por!
sl cdiia e clen et el e ek eeces b - ———
. . . - . .
w . - - - - - i

:8)

Rj
W

T CAPABILITIES OF CIRCULAR GRCOVES (
-70-

L)
\

2 TRALSPOY

Fig. 4



I
f
. =
; =S
H £
; o™
! 2}
L B
; = QO
_,_ me
hA UM
Q s
: S 7
<
_ .mmmu
' Yo
1)

| .
|
M .

-

FAUN

RS,
-—d

= 12)

W

Ry

Fig. 4-3 TRAHSPORT CAPRLILITIES OF CIRCULAR GROQVES (

SR

-71-



v,

R I S S SN

U U U SO

T e e s e e

.._

TS e e ey e e

——

ey - oy
Al o d

.. .
i § SO )
R : i—-
i | _
e i
_ - m N ’ m4
#rens . H - :
i T e
; oo i m
S KR U U
.
! ; .
ot _ _ N
* T i TJ
T -
i y *
; P ” “
D R
; : ._ ; :
oo Lo i _
JOEE R I v _ i
e b s e
fooon ' !
w SH _ m
. [ O SV A SO |
PR T
: ; ’ !
- ! e — sl
- . w

(R

{SPORT CAPABILIT!ES OF CIRCULAR GROOVES:

. '=16).
W )

.

Ao,
iyl

-4 TR

4

Fig.

-r2-




Emasorin

TR R

e ot e s o e e g 3 e 1 3 | TSI £ e et A T O W R e N 8 T R 2 o st s iy o, a0 7§ e g ies e an s e o

e

As can be seen in F1g 4-2, a max1mum point of pcrformance is ach1eved

for each value klnematjc v1scos1ty (or operat1ng temperature) beyond which

Tower performance results as 'the’COmposite factor'is increased The
maxlmum is. ach1eved at d1fferent compos1te factors for d1fferent k1nemat1c
. rat1os. The performance behav1or shown in the flgure results
j | from the comb1nat1on of the fo]lowwng factors as the compos1te factor is
P 1ncreased:5' . ’
‘/': ‘; - e ‘The decreasfng number of_gr00ves within the heat pipes.
:"b. The increasing groove fTow factor Ng of eaChigrooye.due to
'increas1ng qroove area v’ -
7'c."The 1ncreasxng vapor v1scous and 11qu1d/vapor shear losses
‘ due to a. smal]er vapor core d1ameter |
As the parameter R /w increases the max1mum performance occurs at a
~higher composite factor and the effect of vapor viscous and,]1qu1d/vapor
.shear Iosses becomes Tess pronounced
| Figs. 4-5 through 4-10 show the o- g performance of trapezoidal groov

“The discontinuity in the s]opes of the performance curves of Fig. 4-5

through 4-7 results from the app11cat1on of the land thickness cr1ter1on

C ke b

es.

The location of the discontinuity corresponds to uniform land thickness. -The

dlscont1ru1ty Ain the performance s]ope for S = 1. 25'was not shown
in Figs. 4-8 through 4-10 since it occurred at h1gher groove aspect ratios.

The transport capab1l1ty of circular grooves is also shown in these figures

_for comparison. Since the groove aspect ratio and the compcsite factor are. .

interdependent parameters in circular grooves, one can only ohtain a partic
circular groove form for given criteria of Ry/W,land thickness, and compos i

factor. In comparing the performance of circular grooves with trapezoidal

-73- .
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-grooves, one nctes that a® a given set of R;/W, land thickness and composite

factcr, the circular groove berforms Yike avtrapezoidal groove of low aspect

ratio. - ‘
I '

4.7 Improved Groove Design

-Qn the basis of the dbove optimizatibn analysis, one realizes that the

‘trapezoidal ‘grooves can yie]d'highek performance than circular grooves at -
. | ’ o .

~the éamé level of composite factor. In the ;e!ectiod of trapezoidal

geometrjes for akia11y grooved heat pipes one should als» consider the
constrafnts {ntrodqced by the fabrication protes§ and the-tube material.

At the preseht time.no attempt has been taken to inc]hde sgch-considerations
in the optimization analysis since the fofmulaffon of these éonétrainté

in terms of groove parameters is nbt_éaﬁi)ylobtajnable.

- To complete the objectives of this study a trapezoidal gfoove_ffom

-.as shown in Fig. 4-11 is introduced wvhich is comparable in size and

groove form to the ATS-6063 extruded tubing. However, the performahce is
improved'significént]y. As a typical examp]e.fbrammoniaat 300°K (Vv/vz = 4),

the improved groove form can yield 75% higher heat transport cépabi]ity

and 1007 higher static he.ght capability than the ATS groove.
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| Number of grooves N=130" .

Groove root diameter - 2R; = 1.092cm | |

.Groove width C - W = 0.034cm |
. Groove depth | | § = 0.102cm

Land thickness T = 0.051cm
" Groove divergent angle 26 = 30 deq.
;Grooye Compoéite factor | S =1.25

oL
Teff o -
NLN3 65 at v /“2 4

QLeff for ammonia at 300°K = 270 w-m (10,500 w-in.)
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Fig. 4-11 IMPROVED GROOVED DESIGN
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5.0 COHCLﬁSIONS AND RECOMSENDATIONS
! ‘ : ‘ : : .
The axially rfrooved heat pipe has been applied to a variety of ae?ospgce S

systems. ;The extensive use and ré]iab]é performance has demonstrated the -
versatility of this design. Numerous design and performince réﬁuireménts i .
have been ideﬁtified for future space missioné utilizing both fixed conduétance -
and thermal control. heat pipes. Expérience to date'indicates that thé extrusion
process is the best riethod for producing aluminum axially grooved tubing. For
materia]s‘bther than aluminum, fhe_swaging process is the only known process
which caﬁ-effeﬁtiﬁe]y be used_today to produce axia]]y‘grobved tubing on a cost
effective basis. ‘ o

Rgdyced sensitivity to gravity and increésed heat tranSport capacity can
be obtained with the extruded grbove forms. Fabricaticn 1imitatiqns and .
sensitivity to composite pumping effects should be inVestigatéd;A“To accomodafe
future réquirements, improved groove form hardﬁare shou]d be developed and
perfbrﬁance'vérif{eﬂ. Development of hardware in materials ofher than aluminum
should also be continued cvspecially Tow conductivity materials such as stainless
steel for TCHP applications. " Performance of a*ial]y grooved heat pipes with
non-condensible gases should a]so bényerjfied and any degradationAmechanisms
identified. | ' '

Although gocd egreement with méasured.data has becn obtained with ghe
analytical models developed under this program, continued improvements skould
be pursued. Turbulent and transit{on vapor flow regions should be investigated
if highér herformanco heatvpipesrare to be developed. Liquid/vapor shear effects
as a function of grocve form and geometry as well as vapor flow conditions should

be studied further and aﬁa]ytica] mode]s refined actording]y. Additional tcsf - -

-79-



noh-unifbfm flow'cdnditiohs including. asymmetric heat addition and éémotgl
and'grooﬁe drainage should also be investigated.

| S S : o .
|

i
i
|
|
1
i
1

’g -
y .
g -807
/-t~, a/ 1 \ L) ' ‘é'. S R i
T s NN ,___“:;:.\:_’_'T:T_**—-b‘.—,_\ / S * g

~ data should a1sb’be‘obtaihed to verify puddle flow contributions. Finally B
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6.0

NOMENCLATURE

Symbol
A

Ay

Description : ‘\
Cross-sectional area {

Area of a single groove with no meniscus
recession :

Dfamatér :

Frictional factor, function
Gravity . -

Elevation

Rise factor, H = o
Pp9

’ Permeabi]ityj

AN

Length

Mass flow rate

‘Molecular weight

Number of grooves

Groove capillary flow factor

" Pressure

- Total heat input or output

Axial heat flow rate-

Radius

Reynolds number

“Universzal gas constant

Land thickness’at top
Temperature, Land thickness atAbottom
Groove width,dr opening '

WQttéd perimeter

Axial direction

-81- -



BURI#

Subscripts
a

b

max

‘opt

Groove aspect ratio.
Heat. pipe tilt angle.
Ratio of speéific heats
Groove depth, ahg]e
Angle, divergent angle

Heat of vaporization:

'Viscoéity

Kinematic viscosity
Groove land taper angle

Density

. Surface tension

Shear force

- 1
¢ 2 a
Liquid/vapor shear parameter

pefin{tm |
Adiabatic
Body Force
Condenser
Evaporator, entrainment
Effective
Groove
Hydraulic
Internal
Liquid
Haxinﬁm
Optimum

Puddle

-87 -
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>Sonic (éq. 3;23), Submerged (Sectipn 3.4.2)
‘slug i PEE “

Land tip_cdrner

vapor

Parallel

Perpendicular
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) APPENDIX AT | : E
DERIVA*ION OF EQUATIONS FOR PUDDLE FLOW ~ . L o= ’

1

!

This appendix defines the anclyt1ca1|nod01 whxch was deve1oped to.pred1ct

-5the perfonnance of axially grooved heat pipes with puddle flow. when an ax1a11)

© grooved heat pipe is operated with cxcess working-fluid and in a gravvty field,

[,

a puddle will form ip the condenser‘end'of the heat pipe; The driving force for
1iﬁuid return'in the'puddie is pro?ided by a. gravity'ﬁead developed by the elev
tion variation of the fre2 surface of the pudd1e. Beyond the puddie, flow in th
grobves is maintained by capillary pumpiné The elevation head must support the
v1scous ]osses of the liquid mass flowing in the puddle In add1t1on, mass
flow continuity between the puddie end the grooves-extending beyond the puddle
hust be maintained. The following Egs. wére derited for puddle flow in an axial
grooved neat pipe. | '

A-1 Lquaticn of Motion in the Puddle.

Assuming one-dimensional flow in the pudd]e a force ba]ance on a fluid

e]emnnt as shown in Fig. 3<6 resu]ts in the fo]]ow1ng equat1on

dh . fdp
—-—‘ = P
ng Co%B —de pggSing + (dx. )‘ pe (A-1)

The liquid pressure drop‘is assumed to be given by the Hagen-Poiseuille theory

for laminar flow.

dp\ - i} U’q’ mp _
(dx)m - (e, . ()

:87-
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| where ' _
! 2
. . A . .
) | - 6 (P
_ ' 0 AP :
= R2 —P_ - l 3 __N_ 3] (A-4) i
Ap v ; 2~z it Ry )
- P =wp, N @ - gf
N p : | £ 21 p (A 5) :
- ' ' ‘ |
o op . .
= - - —_— A‘O ¢
by Rv_{.]v Cos 2 } (A-6)
Substituting Eqs.'(A-z)'é {A-6) into (A-1) yields
| coss " sinp % s-s‘Y_L“z“‘»' g
osg _V_ Sin = ing - -
P23 A ? 2 ax - °F 0,9 KA)ppl‘ (A.7)
~ A-2 Continuity Equation N
When the puddle flows from stations X + A X and X in Fiq. 2-6 some of
the liquid mass is leaving the puddle and flowing into the groove at the
interfice to satisfy the coﬁdition of mass continuity. If the element is
. located in the condenser section and uniform axial condensation is assumed,
_there is-liquid mass flowing into the pudd]eAelementﬂ Therefore,_a mass flow
- balance for the element will yield |
- d = - d .
-, @ = dmg - dmg L
- ()
" where dmc = 0 for the element located ‘in the-adiabatic seition, and in the .
" evaporator dm¢ = - dmg. ivom the first law of thekmodynamics one can directly
relate the méss‘f]ow to the axial heat flow rate, i.e.
| -
. m _ Q
p=-_"
A (A-9)
g r -88- “ .
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' There:qre, in the future analysis, one may utilire the axial heat flow
‘rate'Qp and the maximum heét‘transport Qm for the determinaticn of dmg,' f
dme,'dm, and dme. “The term dﬁg can hé'obtéined'frbm'the analysis of - 4
" the region extending beyona the puddle where the capillarv pumping f1ow" :
) . l 4. . " . B
prevails.. In order to reduce the complexity of the mathemztical modil
; for the capillary pumping flow, one can utilize results from the closed ,
form.solution.  The closed form solution has shown that the maximuﬁ heat ?
- transport ai ideal chérge can be approximafely-expressed as: :
n = ~hs | ‘ ' . o A-10
‘ 0= (1-‘.h ) o (A-10)
' max - o
wheré‘Qmo'ié the maximum heat tfanspb?t-atvthe zero elevation and ideal
'charge,‘ahd_hs is the static 2ievation of the heat pipe. For a heat pipe
with a puddie hs becomés the sta-ic elevation of a given groove above the
pudd]e.AAqu the groove i of Figure 3-6 one has S o o
n_hs = 5X »‘ s : A © (A-11)
~ - Since the partially submergedvgroové has a shorter 1ength where the capillary
E . pumping flow prevails, one must formulate Qy, to teke this effect into con-
_L ' sidération. “The closed form solution of lhe liquid flow analysis also showed
g ‘that Qmo could'be.wrjtten as '
%' JQ B igklmgx_ i A - {A-12)
K mo : L T :
eff :
i R o L .
& wiere , T > : C .
A S L o . o .
% | * (Qigax 7 ex oo - A A )
- _ i &) )
for the grcoves unaffep;ed by the puddle. Because the effects of the vapor
- yiscous loss and liquid-vapor shear io;s do not chanuc the aeneral behavior
of the“heat pipe, one can ass'me that Fa. (A-12) is still valid for the -
_ case inc]uding these f.fe(f%. (QL)méx can then 'be obtained from the c@mput-
er program for ideal charge and zero elevation. When Eq. (A-12) is applied
R P L . S
-‘l PURTO Sl A e T e ‘IX ,\’\ — ' s O P i - T e wlie T R SRR
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to the i th groove of Figure 3-6, Lefs is replaced by Xeff which is a
fﬁnction of X, L, L, and Lc' The element located in the condenser has
- (X- L - Sl -t -t e e (A
Xepr = (X = Lg - L) 11 o ( a - le) a _2_,_,( 3a)
c : o

‘and the element located in the adiabatic section

X

egr =% 11 I : (A-13b) .

if located in the evaporator ‘
= _x__ ‘ - -. ;
Xepf =2~ ' - (A-13c)
"It should be noted that Qn in Equation (A-10) is the maximum
heat transport. If a uniform heat output is assumed for the i th groove,
the heat output (i.e. mass condensation) between (l.e + La) and X should

be considered. Therefore, combining Equations (A-9) - (A-13) and the

effect of heat reroval between (Le + La) and X, one has

dmg - (Q )max p (]*3 _)%){1 - _l_(x -l - La)} (A-14a)
? ZTTA Xeff . ma Lc -

“where

similarly

(Qu)  do_ , X . A-14b)
dm = ﬂlézL_._Jl(l- X)———-—. for 0 <X <L (A-1¢
g 2k e 8 hrax Le ¢
and L L
o (QL),,,, 49 ' X - forL, < X < L_+1 .(A-MC)
dm =-357333§———9— 1- Bp—) fe = = taT e
X Xopg max
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"~ the pudd]e

. dQSp = ‘(QL)max 1 - S X >d32_
- dX e Zn Xeff

'Ohé now turns to the determination of dm_ and dm,. For uniform

condensatioh.in the condenser one can write

Jam =g R (5 b

‘ ¢ A L L S
where ) _

o 0 - L :

Lo Wy (1 x__ \do,

. 1-8 A

% f Eare ( TP ) P (A-16)

and Q - is the heat capacity transporied by the grooveé affected by

Equat1on (A 16a) can be rewr1tten ina d1fferent1a1 form

deS‘Q o (W (1 - e—h-——x ) ¥ - (A-162)
i Zn Xogg max / dx '

For uniform evaporation in the avaporctor, one has

p o ,
dne = XL, ax _ (A7)

Substifuting Equationﬁt(A-]A)-- (A417)_Ento Equatién (A-8) one‘has

(1) In the condenser, Lo + L, < X < Lo+ 1, +Lc

L

h
c

max

aQ, | (QL) pax (1__ 6 _5_) {1 - g'_ (x - Le - La)}dii’. Qp (A-18a)

dX - 21 XCff

(A-19a)

——

max

)



qn -

.where

. where

where

(2) In the adiabatic section, Lo 2 X< L; L,

_ SRR A - - vLie
xeff."(x'Le'La){l'”z“L: (X - L, Le)} thitate
‘.

- X

EP_ = . (QL-))(maX(l _ Bh X ) :zp C | .‘-: A (A;]Bb)
d ] .?" eff “max : . S
o, QL) RN |
sp _ w(l_g _Xx )___ (A-19b)
dX 2n Xeff hnax / 9% B '
ey 1
err =X -5 le
(3) In the evaporator, 0< X < Le
dQ (qu) : . X "99 Qs (A-18c)
P - max (1 - B .h_X___)I____ AT +
dX 2n Xoff max / e e _
- (A-19¢) )
dog, O (1 g X ) 3,
X Zn Xorf N\ Pmax /9K
21
Xerr = 5 X
© -92- : R



APPENDIX B
L 1 - EMPERICAL EQUATION FOR
L © CAPILLARY PUMPING LIMIT .

The governing equation for the cepillary pumping limit with laminar

PR

flow in an axially grooved heat pipe (i.e. Eq. 2-18)'can be written as:

g, g;i— - pgpSing = ?;%' [ 1+ Kdhay o2 v ] Ax ;
Ry : o i X 4X ) “2_ fAvRsl,_ 3 A '(3-1)

The vapor flow characteristic'(A 2) 1s a constant at any axial location

along the length of the heat p1pe while the 11qu1d flow conductance (KeRg)

is a function of meniscus recession which is dependent on the axial location X.-

Rewriting equation (B-1) and integrating it from the upstream end of the»evaporator.

to the downstream end of the condenser gives
(e a0 Y ougsinsia yaxl
o\ / x_8x dR, - pg9 STnB(K,A,, JoX
Vg TRT g '
2 N X ° '
|/cw .

v. K A ) .
(1+8 .x_. X_2x + & )q,dX
f AjRT 37X (B-2)

The first term on the left hand side of equation (B-2) fepresen£S'the 1iquid

flow and pumping characteristic which is a function of the groove form and is

dependent solely ‘on groove properties and meniscus recession. The properties-ef

any groove form can be defined by a flow factor Ng as follows:
\

m .
NN, = Kehox R ' ’ .
g TRY X . (B-3) .
1/2w X

.93+

an

e+ aem iAra e L e teny

T PRI



'
1
i
ki
i
¢

R N

LF TSI TNTe TS Y ﬂ-._-_ PO N et et e e B e R A.._.-.."._ e e m..,l..‘,rmi
K e - BOlA ! u T TR R e W T ; T A At Raepch v

DTt RE ek S 7
. oo - 3 e

— i Geos R . Em

Where N is the total-number»of groovesfin the heat pipe.

The second term on the left hand s1de of Eq. (B-2) represents the
graﬁlty loss. ThlS term can be 1ntegrated 1f -an average value for K Azx

as 4efined: A _
S 3./”L o
| A : YA = _1 K, Ao, dX

-1
'

P _ o . - 'A_i’_ oty

The second term of equatlon (B 2) then becomes

/L Pg95inB (k. A )dx = "295"‘8 KA L L

_An evaluation of the resu]ts from the GAP program indicates that KK; can be

. taken to be approximately equa] to NN It should be noted that th1s

g 2
approx1mat1on does not apply to convergent (trlangular) grooves because

'the 1ntegrat1on limit of Eq. (B 3) is restricted to LW, whereas the integration

limit for a convergent groove is def1ned by the root dimension of the groove.

Eq. (B-3) can then be rewritten for divergent grooves as:

' -ZKKQ -
NN = =" " , : L
9 K | © U (B6)

" And Eq;‘(B;S) becomes:

R T T e
(o] ) -; .

, On the bas1s of exact so]utlons obta1ned w1th the GAP computer program 1t
- was determ1ned that the average liquid flow conductance can also be used’

to s1mp.1fy the 1ntegrat1on of the right hand side of Eq. (872). Referr1ng
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to F1g 3. 1 the axial heat f'low rate Qy can be expressed in terms of-total

heat 1nput Q for each of the hea.. p1pe_reg10ns. ' : o

" Evaporator: . ._'0<X<|_ SN EX_ ]
o S

Adiabatic: - le<X<lg+L, Q =0 4 R
- Condenser: . L-Lc < X<L ’ Qx = g(L-.X}-

| ke
The .integral of the h‘ght hand:side of Eq.v_(B-2,‘vbecomes:

R S

Yaee® Nhuo v ot ) o
ST \.’2' A R 3
. NNW oy
= + —_—
Q Ao RRTOS (8-9)
Combining Eqs. (B-2), (B-3), (B-6),. (8-8), and (B-9) yields the following
| relationship: ' - ' -
w f1_huy
Qeps _ NNG{I—W'Z—} ' :
L - v, -
. v {1 + ,\.)l (f, + fzv% ‘  (B-10)
. . 2 o _ :
. T = 1 + + 4 - -
where Leff ] Le La 5 LC
h = LSing
NN &Aix_ dr
9 Y12 R2
W
NN w
f, = 4 Mg a4 Mg
B T Re T R~. 4
v . (._' - a) W3
’ ’
flv =3lﬁ A‘e‘s = l ﬁ AR ]
© 3amw™ R ‘ 2 "R,
v 3T sy
with
A, = Area of a single groove with no meniscus recession.
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