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ABSTRACT

In this study the entrainment-ghear performance limit which occurs

(.

in ‘axial groove heat -pipes was inveetigated and explained. In the exist-

ing heat pipe- literature the entraihment heat flux limit i& defined as

T

the conditlon where the Weber number ie greater than or equal to one._ In
“this analysis, the critical value for the entrainment Weber number is
.found to be 2% < We < 3. - Perhaps more important to the heat pipe de-
signer than the entrainment performance limit is. the prediction of the-
performance degradatien due to vapor-liquid ehearlng stress which is also
described.“ Preeiminary qualitative experiments were conducted to observe
the- shear stress wave formatlon phenomena. Further more- elaborate -ex- )
periments would provide valuable.verification of the shear stress. wave
phenomena and of - associated performance degradat-,u and limits. The equa-
thﬂS presented in tnis analysls may be ueed to pxedlct and mlnimize the
ivapez- iguid .shear stress nerformance effects that occur in-axial groeve

~ and puddle flow artery heat pipes. -
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NOMENCLATURE
. 2 "
Vapor flow area, m
. . 2
Livuid flow area, m
Aéeraged liéhid flow area, m2

Wave velocity, m/s

Wave velocity ‘in absence of current,'m/é"
Hydraulic diameter, 42/P
Internal pipe flow diameter, m -

Characteristic dimension, m

". Freguency, cycle/s.

Friction factor for liquid flow in grrove
Friction factor for liquid £flow in circular tube

Friction factor for vapor flow

-Total ‘vapor. flow rate per pipe flow area, kg/mzs

Specific latent heat enthalpy, J/kg

Wick-permeability; mz

Heat pipe effective length, m
Characteristic mixing length, m

Half-width of zone of influence at interface, m

Wave number, 2m/A

‘Number of pipe grooves

Liguid transport factor ~
capillary pumping pressure fiéé,“ﬁ/m?

Pressure drop in the;liquid, N/m2

" Pressure drop in the liquid-due to viscosity, N/in2

Pressure drop in the liquid induced by counterflow, N/mg

Préssure drop in the vapor; N/m2

) .
Vapor pressure, N/m

"Liéuia pféssufe}'N/mz

Wetted perimeter of the £luid flow passage, m

iv



Heat transfer rate, watts

5 Effective pumping radius, m ;
i

Re Reynolds number )

5 Dimensionless shear stress at vapor liquid 1nterface, (8T )/(uzu )

Width of land between grooves, m

Fp bl e e

Relative wvapor-liquid velocity, m/s

vi

Uv Axial vapor velocity, m/s
Ug Liguid velocity, m/s

W’ Groove width, m

We Weber number, dimensionless

Cocrdinate parallel to mean flow, m

Coordinate perpendicular to mean flow, m

Greek letter nomenclature

Disturbance growth factor, s-l

Film thickness or groove depth, m i

n, Amplitude of -the surface wave, m
$ Aspect ratio of capillary grooves, w/28 .
A Wavelength, m
My Ligquid dynamic viscosity, Ns/m2
. 5

uv Vapor dynamic viscosity, Ns/m

. . X . X 2
Ul Ligquid kinematic viscosity, m /s
v, ' vVapor Kinematic viscosity, m2/s
Py Liguid density Kg/m3
p; vapor density, Kg/m3
g Surface tension, N/m
T, Shear stress.,created by the vapor on the liquid at its free

surface, N/m

[ " Radian frequency of interfacial waves, sec
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INVESTIGATION OF PERFORMANCE LIMITS
IN AXIAL GROOVE HEAT PIPES

1.0 Introduction

A survey off tne various types of heat pipes used by NASA ERDA, and
industrial companles indicates a recent preference for conflguratlons of
axidl and circumferential groove wick designs.l Sueh groove wick heat .
Pipes, have the advantages of high evaporation and condensation film coef-
ficients,“reliable operation, eaee cf“nanufacturing, and pptentially_low

cost.

However, in operating ‘the groove wick heat pipe, a number of per-
formance limits are encountered. Since the groove wick heat pipe is nor-
mally not used with additional screen wick, there is a-significant counter— ’
flow shear interaction between the vapor and ligquid. The resulting pressure
drop agsociated with this counterflow vapor-ligquid shear results in lower
than maximum heat transfer rates and in some cases unstable operation due’
to. slugging .or other entrainment-shear phenomena of the liguid. When.
operated.in a gravity environment, the axial groove heat pipeumax"have a

puddle of excess liquid accumulate along the lower side of the pipe.

- Counterflow shear- and entrainment of liguid from the unehielded surface

of the puddle can occur at relatively modest heat transfer rates. .

Also, while opefating in a l-g environment, the axial groove heat
pipe can-experience desaturation of the upper grooves along the top of the
pipe. Depending on the construction of the grooves, these upper grooves “

may experience an additional hydrodynamic etress, which will cause them

 ‘to first dry out-the uppe¥ side of the evaporator. ‘Heat pipe performance

iS"therebyurestrieted by this capillary limit in the grooves. Since these
llmlts ~are not fully undecstood.for axial groove or circumferential groove
heat plpes, the expected heat flux limits and evaporatlon and condensdation
£ilm coafflclents needed for deslgn of - varlous groove geometrles are not

well krnown.at this time.

Because of theseﬁfectors;'anfesearch project was- initiated at The
University of New Mexico to investigate the vapor-liquid shear and.entrain-
mcnt performance llmltS of the axial groove heat plpe. - This project was.
qupported by the NASA Ames Research Center on Contract No. NSG—2064 over
the period from January 205 1975 fhrough January 19, 19767
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“where S is the nondimensional stress, defined as

A

2.0 Previous Research

A modest-amount of previous resézrch has been done on the problem of
counterflow vapor—liquid entrainment-shear limits. - A theoretical study
was reported ln 1968 by Bahr, BuLCk, and Hufschmldt2 to predmct friction

factors and pressure droga associated with counter flow vapornllquld shear,

"Axso in this paper,,they described experimental work with water-aixr 1nter—"

actions which had. been initiated. & companion paper published in 1969 by
Hufschmldt, Burck, D1Cola, and Hoffman gives a detailed summary of the

theoretlcal analysis results, and a comparison with the axper;mental data.

The theory was orlglnally developed by DJ,Cola4 assuming lamlnar flow

:Of'lquId in a ;ectangular'oPen top channel with a counterflow vapor shear

at the surface. The friction factor inerease due to thé vapor shear over

that for Poiseuille of liguid in a tube was given by the ratio

<05 " (2.1)

8

4 , and
£ 7L

L “ .3
fip 5 2 (2+4) 2(1-0.627 )

(2.2}

is the friction factor ratio for § = 0, zero vapor shear, (T = Q).

For a heat plpe w1th N rectangular grooves of crors-sectlon Sw and )

2 = SwN the ;nterface shear stress was glven by
ATERY
5 = g*ggfg'ci‘ (fVRev)_ " o o (2.3)
DhP L

where the symbols are defined in the nomenclature list.

=
qurschuetzg has taken these:results and-applied them to the perform-
ance of a sodium heat pipe and a water heat pipe both haviag open axial

grooves. For both heat pipes the effect of vapor shear was found .to re-

“duce the heat transfer raté’ slgnlflcantly at low vapor pressures.

A related paper by Zimmermann® also déals with thé counterflow shear

friction factor and pressure drop in heat pipes. .

P
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hnother paper dealing with the counterflow shearing limit in the
0 - g environment is by Schlitt, et gl.7 The maximum heat transport is

deternmined from the rélafioﬁship ;

Ap, = bp, + bp_ . " (2.4)

The liquid pressure drop consists of two terms,

gAPE = AP@;O * épﬁf¥ o o L e e . (?:5)5

where Ap2 is the viscous loss assoclated with the flowing 11quid and
I
applles to all capillary charnnels. The second term, Ao .’ is the pres-~

sure drop in the liquid that is induced by the shearlng actlon of the vapor

 counterflow and applles to open channels.

The individual pressure drop ratios were given as

}
) o] r . T -
Pao _ 2leer Tp = | (2.6)
Aps N, KA, :
A . v "(a/D_)2" . .
Pov _ SPegr Tp 11 Y W L (2.7)
APS N, KAQ 24 Vo (l+s/w). “v. v
Ap,, 2 lerr Tp P2 f e (2.8)
bpg Ny KBy SR
where
64/3&V laminar vapor flow
0.316/Re '~ - ‘turbulent vapor flow SonE DT
(fo Rez) o
For the groove. geometry given.in Figure 1,. -
. _4a
Dh,l = Sotw (2:21)
and
£, Re, = £(w/§) = 15 {2.12)
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~ dimension” in the heat pipe.
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The.Egquations 2.4, 2.5, 2.6 2.7, 2.b, and 2.9 can be combined to
solve for the O-g transport capability. The averaged liquid groove area

was used which accounts for an average liquid meniscus recession.

- 1 wwz
Ay =Ry =N ('&"T) (2.13)

The presence of the vaev terms in Equations 2.7 and 2.8 makes it diffi-
cult to solve for the heat transport rate explicitly, particularly for
turbulent flow where the Reynolds number has an exponent as given in
Equation 2.9, A siﬁpler formulation for predicting the shearing heat

flux limit is needed for an explicit soluticn.
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SPACED [ruf mistrds 40T ETE

Fig. 1. Crost section of axial grooved
aluminum extrusion.

Also, & brief theoretical analysis of two-phase flow interactions

X . ., B .
is given in the. book by G. B. Wallis. However, none of these gtudies
includes a thorough investigation of the entrainment interaction where

waveg and liquid droplets are formed.

" At the present time, in heat pipe design it is common to treat pre- -
diction of the entrainment based on prior knowledge of a "characteristic
9,10 Entrainment is presumed to occur when
the inertial vapor forces exceeded the liguid surface tensinn forces at
the vapor-liquid intexface. The ratio of these forces is expressed by

the Weber number

2
vavd

We = {2.14)

o3

L

- where d-= charscteristic dimension such ds the space between wires in a

screen wick heat pipe.

o
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Cotter9 stated this in a slightly different. way. He stated that the
wavelength A of a small disturbance.on the liguid surface will grow in
amplitude- exponentially with time if,

oA

P
We = ——Y— > 1. _ (2.15)

_"The process continues until the amplitude transcends the validity
of the 1inea; theory, and presumably. ends in stripping of ligquid
droplets from the crests of the undulations. The quantity on the
left is the Weber number with characteristic dimension A/27, which
is a geometric property of the capillary structure in the interface

region." (Ref. 2, p. 347)

Note here -that Cotter's Weber number may be rearranged,

2
T
pvJvA
o]

We = > 2r ) {2.16)

Later Kemmelo pointed out that the "entrainment heat flux limit,*

é /A, is obtained by setting the Weber number egqual to one, and combin-
ent’ v - :
ing it with

m= vavAv and Q= mh_ ,

(2.17)

Eev = mean vapor density at the evaporator exit.

Equation 2.17 has been used to predict entrainment limit heat fluxes,
by assuming“a value for the characteristic dimension d. However, some in-
véﬁtigatoré'haVe correlated this en%rainment limit with @ equal to the
space between wires while -others us;'-z the wiré diameter. Obvicusly, there
is a need for better understanding the entrainment phenomenon and to clarify

the use of the characteristic dimension d.
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3.0 WAVE FORMATION AND ENTRAINMENT

Since the previous research just described has defined the friction
factors suicable for use in predicting increased pressure drop in axial
groove heat pipes but has not considered the unstable effects of waves,

.r;pples, or entrainment droplet formation, the work presented in this .
repﬁrt is focused primarily on the latter phenomena. Also, a discussion

is presented to help clarify the use of the wave length, A, the character-
istic dimension, d, the Weber number, and the entrainment-shear heat trans-

fer rate limit.

11412 | ave conducted both theoretical and experimental

Hanratty, et al.
studies on the initiation of waves due to the flowof gas or vapor over liquid.
Parts of the results of these studiss have been incorporated in the follow-
ing discussion. Suppose a liquid is flowing in one direction in a gently
downward sloping open channel and its vapor is flowing over it in the op-
posite direction, as shown in Figure 2. At zero or vsry low vapor velocity,
the flowing liquid will be undigturhed, however, with increasing relative
velocity, a destabilizing effect is noted. fThe first waves to appear are
small two-dimensional ripples which extend over the width of the channel
and travel in the direction of the vapor flow. At even higher vapor velo-
city the amplitude and the wave velocity increases and a three-dimensional
cross-hatched wave pattern appears. This latter case is similar to the

waves which are obtained on a body of water during a light squall.

) At a vapor velocity which is about double that necessary to produce
the cross-hatched waves, the first roll waves appear. The roll waves
occur when the crests of the waves are moving faster than the troughs.
This causes tﬁe downstream end of a wave to steepen and to roll over upon
itself. Thus, liquid in the wave is moving in a circular path. Such waves
are called roll waves. They were first described by Cornish13 who ob-
served them in mountain streams. A good review of the literature on this
topic is given by Hanratty.12 The first theoretical prediction for the
coﬁditibﬁs“dausing roll waves was made“by Jeffreyslq who considered the

case of turbulent flow in an open inclined channel.

At higher. vapor velocity the shear forces on the tops of the roll
waves and the natural rolling action of the waves are adequate to over-

come the surface tension forces of the liquid so droplets of liquid are

6
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a) Undisturbed liquid

55/7///'/////////////

c) Initia‘* on of roll waves

- U

7/

b) Drag on liquid initiates
flow reversal at surface,
and ripple waves are formed.

s

<) Roll waves, fully develcped.

e) Initiation of droplet

entrainment and

water."

"white

Fig. 2. Subsequent wave phenonena
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separated from the surface and entrained into the vapor stream. The onset
of droplet entrainment is usually preceded by a noticeable roughening of
the tops of the roll waves which resembles patches of "white watex."

Further increases of vapor flow velocity increase the entrainment.

The sequence of events in the entrainment process is shown in Figure
2.  The corresponding regions of wave activity are shown in Figure 3 for
an experiment ronducted by Wallis, et al. in which air flowed over water

in a horizontal duct 30 cm (12 inches) wide and 12.7 em (5 inches) deep.15

In a heat pipe the onset of entrainment may be encouraged by nucleate
boiling in the evaporator which can occur at sufficiently high heat fluxes.
The bursting of bubbles at the liquid surface, as shown in Figurs 4, has

long been known as a source of droplet entrainmant.1

In order to help elucidate the phenomena of wave formation and en-

trainment, the following definitions of terms are given:

1. Ripple Waves: Two-dimensional waves formed by gentle undula-
tions of 1ow amplitude (less than 0.1 mm, 0.005 inches) on the
liquid surface which travel at about 22-30 cm/sec (0.75 to 1.00
feet/sec) in an air-water system, and are not initiated by tur-

bulence in the vapor flow.

2, Cross-hatched Waves: As the vapor velocity is increased
slightly these three-dimensional waves appear as a criss-
cross ripple or as a pebbled pattern. For an air-water
system the wave lengths are of the order of 0.5-1 cm (0.25-~
0.5 inches} and the waves travel at only slightly greater

velocity than the ripple waves.

3. Roll Waves: As the vapor velocity is increased the cross-
hatched waves become stable and persist up to a vapor velo-
city about double that necessary to produce the cross-
hatched waves. At this point, roll waves appear and travel
at about 60 cm/sec (2 ft/sec) down the channel. The roil
waves may take a finite distance along the channel to form
and normally they appear first where the f£ilm depth is a

maximum.
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4. brbplet Entrainment: Further indreaées qf vapor vélo¢ity. )
o “ up ‘to about 50 percent more than that needed to produce roll
e waves, will cause droplets to be torn. from the liguid sur~

face and entrained into the vapor flow.

10.
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4 Y EXPERIMENTAL OBSERVATIONS

In order to obse:ve the entraznment—shear 1nteract10ns, three dlf-

ferent experimental heat pipes were built .nd preliminary ¢ualitative ob-

- servation tests were conducted. A schematic drawing of the final appara-

tus is shown in Figure 5 and a photo is shown in Figure 6. The apparatus
is composed of an axial grooved copper tube with a 91.4 cm (3 ﬁooti evapo-
ratof anc éondensér éection; and a 15.24 cm (G"incﬁi glass tube déiabatic
transport =cction. Each end 6f the tube has glass obsexvation windows for

viewing phenomena aleng the axis.

In the experimental tesis Freon-12 was used -as the working fluid.
since it has a low latent heat of vaporization which will give large mass
flow rates at modest heat transfer rates. Wlth the heat pipe in a hori-
zontal orlentatlon, the evaporator would ﬁxperlence nicledte b0111ng and -
dryout before any wave phenomena were observed in the adiabatic transport
section. - By raising the condenser end .1.27 cm (1/2 inch), and by adding
gooling water over the condénser 0 lower the pipe temper .ure toc 27°C
(B0O°F) , waves were observed in the adiabatic tfansport section, as shown
in Figure 7. The average wavelength of the waves c¢bserved was approxi-
mately 0.4 em (0.157 inches). BAlso, in Figure 8, a sketch of the observed
wave pheromena is shown. The waves gradually increase in amplitude down
the tube from the boiling wave source in the evaporator and hecome fully
developed in the adiabatic transport section and gradually die down as
they ernter the condenser section. Further increasing of the condenser
elevation, evaporator heat input rate, and a slight reduction of the con-
denser temperature showed a slight increase in wave speed hut no entrain-

ment was observed. Insufficient time and equipment prevented further

‘qualitative experiments. A chilled liquid cocling unit was ordered, but

was not received in time to conduct tests at lower temperatures. One

would expect that some entrainment could be cbserved at lower temperatures

‘where the vapor pressures and densitiés are lower and the entrainment limit

is lower.

11




15.875 mm OD

12.7 mm OD

1.56 cm (5/8 in.) OD

Axial Grooved Copper

.25 mm
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Fig. 5. Sketch of experimental apparatus
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Fig. 6. Photograph of experimental apparatus
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Fig. 7. Photograph of waves observed in the adiabatic
transport section. (The evaporator is at the right
hand side of the photo.)
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Fig. 8. Sketch of wave phenomena observed
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5.0 HYDRODYNAMIC WAVE' INSTABILITY .

" The hydrodynamlc 1nstab111ty of waves- formed on a lquld surface by
s RIS gas or vapor flow over it may be explalned physically as- follows. "As the
surface fllm is dlsturbed from its equllibrlum position, normal and tan-
gent1a1 stresses are proauced and waves will form. The normal stress com-
‘porent is in phase with the wave dlsplacement, and it attempts to deform
"the.llquid surﬁace by"exertlng an upward 50rcé.én the crests and a down--
ward force dn the troughs of small periodic waves. Also, the tangential
stress“component is in phase with the wave“slope,Vand“itrbes“themeffect

" of accelerating the liquid on the windward slope while retarding that onm
the leeward: slope. The latter mechanism tends to displace fluid towards
the.prests and away from the troughs of the waves,.thereby increasing .

the1r amplltud

_ The crests of the long wavelength disturbances on a flow1ng liguid
move faster than themx troughs and this causes the downstream part of the

" wave to steepen and roll over upon itself. The;ﬁﬁinner the liguid £ilm,
the more effectlve this mechanism is, for in wvery thin films, the pertur-
bation velocxty in the horizontal dlrectlon is much greatex than in the -

vertlcal, so the influence of the tangential and vertical stresses extends

Y

throughout the whole film. The development of waves is governed by con-
tinuity conditions. The wave growth rate is proportional to the rate of
accumzlation of liquid near the crests, and thi_f.s,= in turn, is inversely

proportional'to the liguid viscosity.

ﬁave ;nstabilities grow when the disturbing vapor stress is sufficient
' £& overcome the restoring forces of gravity and surface tension. With a
given vapor f£low rate, instsbilities can always be induced in an initially
stable -film by decreasing its thickness. Also, increasing the liquid flow

velocity simply increases. the roll wave frequency.

5.1““Ana1ysis of - the Wave Instability

As is shown in Figure 9, the wave flow along the surface of a liquid |
film caused by a vapor flow may be considered to be a sinusoidal wave mov-

ing at speed C. Analysis of the problem is simplified by using a coordinate -

system mov1ng at the speed UE’ SO that the llquld flow veloc1t . Uﬂ‘r is zero

and the relatlvevapor‘veIOCLty is Uvz U 2+ UQ




i F

=

Core (Nggligiblg liguid)

RIS L

g
Liguid :Film (negllglble vapor)

m5//////////////77}k///////////7//

- Fig. 9. System for £ilm stability analysis.

The dynamic equation for the surface wave given by Tippetsl7 is
i -Bn-=0 ) S - (5.1)

where“nO is the amplitude of the surface wave as shown in Figure 9 and- 8

is-a disturbance growth parameter given by

2 Py 2. 3
(w-mUvET tanh (mLt"™) + E—- w” coth(mé) - om /pv
B = — LA : (5.2)
2 coth(mé) + tanh{mi")
pv

"and the radian frequency of the interfacial waves is

W= L2 {5.3)

Py coth {mé)

Lt g, T

The vapor-ligquid interface will grow indefinitely with time if 82 > 0.

The critical wavelength, for B = 0, is given by

P .
% = 2m0 l+-—‘£) (5. 4)
c U2" p2
PuPve

“The fastest growing disturbsr s are- those having a wavelength.km which

maximizes the growth factor B, which is.given by

15
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Eh )

A= _%EE__(l + -—V-) : - h A {5.5)

v vhk

In. obtalnlng these results Tlppetsl7 assumed that the flu;d 15 in

“pqtentlal flow. Thls ideallzation approxlmates the condltlon of well de-~

Veloped turbulence at the interface. He related the wavelength and £ilm =

thickness at instability to the common properties of the flow, under- the

assumptmon that the interfacial wave motion-is domxnated by the stream

turbulence. He used Prandtl s mixlng length theory to relate the turbu—
lent shear stress 17 = —-pU V' to the l6cal mean £low properties by a char=
acteristic mixing length.i . " This analysis assimes that the surface wave-

length, A, is proporticnal to £ ; -&", and-to the f£ilm thlckness, 51 He

further explalned that due to the character of turbulent flow there EXLStS

a spectrum of p0351ble disturbance wavelengths extendeng £romnear the dlmen—J.
sions of the molecular motion up o Wlthln ‘an erder of—magn;tude of: the ~
duct dimensions. Disturbances with wavelengths A < Ac:ean be ignored,gﬁ
since their amplitude will remain small Disturbances with wavelendths"
A > l can also be ignored, besause ‘their growth rates will be no faster
than those with wavelengths sllghtly less than A ..~ Thus, the dominant
interface by the turbulence is bounded according to lc“< Ao < Am' Hepee,,f

from Eguations 5.4 and 5.5

st P\ . u
A= 1+ -2 2 <K, < 3m. ©(5.6) %
o UZ Py 3 .
. Dv“vg
The corresponding film . thickness is
: o Py " I
§ = (K,/K,) ——— 1+ — ] (5.7)
A Py __
P U -\ _ e

. ~Fined - o < g
where Kl is defined by Ao Klﬁ, and Kl 1.0.

The entrainment begins after the initiation of the instability if the

disturbance wavelength is within the ko range. The occurrance of entrain-

ment reduces the liquid film thickness. When the film thickness is re-~

duced the wave disturpances are reduced thereby reduclng the,entralnment

Thus, the wavelength and f£film thlckness w1ll Lend to stabilize about the
values given by Equatiods 5.6 and 5.7.
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Heat transfpr by evaporatlon from the . llquld layer may be ;ncluded 1n
the abave analy51s. However, boiling heat transfer cannot be 1ncluded )
dince the Forces on the £ilm ‘associated with boiling bubbles have not been “
incorporated in the analysis. = It would be expected that liguid films on-
hlgh heat flux surfaces where bolllng occurs would tend to. be thmnner than---.
that predlcted by Equation 5 7 '

5.1.1 - Weber Number Relationship .

We can write the Weber number, previously given bmequation 2.14, as

"o

where lo is used for the characteristic dimensioh, in place of d. We now

note that if Equation 5.6-is arrqnged as

58]

pv U! 'Q,)‘Q

Iy

= Ky (L + o /0,)

[ ) "

We =_.K:_ ( 1 7+ pv/p)’ 2“._. < K3 < 37, | i . ..(5.9) .-

'f'If we can assume that p <<p£ (for example, with water at looec, p /pz

6.24 x lO ), then

We=K, s <Ky <3m. o (5.10)

“Phus, according to this anéiﬁeis,’groWing instabilities and entrain-

ment w1ll begln when We > 2 rather than We =1 as has beenjsuggesfed in

9 P o -
‘the past. However, if Cottex' s.“Weber nimber-is inteérpreted as in Equa=-

tion 2 16, then . there 15 agreement that grow1ng 1nstablllt:es and. entraln— .

ment oceurs when We -3 2ﬂ.

) 5-1.?: 'fWaﬁe -Speed: Relatlonshlp -----

_The initiation.of Waveﬂinstabiliﬁies-may'Be*furthef"aeseribeé"ﬁy de~-

_eutermlnlng the wave speed and wave length at- the onset of ripple- waves.-. ‘The

 wave - speed c, may be most ea51ly determlned by a coordinate system with

"'"the x—ax1s at the averaged llquld—vapor lnterface Agaln, a 51nu501da1

10- , __ " - o

A7




| @mmonucmmm OF THE

R 7 RIGINAL PAGE 18 POOR
. v :
CLL 4 N L
¢
' Fig. 10. Wave spaed analysis coordinate sys.em.
The analysis, given in Appendix A, describes the wave speed by the follow-
Ang relationships.
) 1/2
. _'99«£+va) 5 pvpz(u +U)
C.= T * CO “ . . (5.11)
' : (g + P ) :
~wherxe
(p, = p,)
2 A 2 v 21 g
o = LA L} (5.12)
0T To, +p 3T A Tog v o) | =
Co is the waves speed of a .traeling ripple wave in a quiet fluid where
qu = Ug.? 0, that is, llke that observed Q¥ a pebble thrown ln a Stlll pond.
From Equatlon S ll, we can see that the wave will be unstable if
2.6 s > C “ - {5.13)
Eiv Py + Py o : }
g The valhe—df-%"fof*whicﬁhc7-15 a‘minimun may ' be designated by X ip
~and corresponds to the point of onset of ripple waves. This value of A .

B o rip
- can be determlned by dlfferentlatlng Equatlon 5.11. w1th ‘respect to A and

settlng lt equal to zero. We then flnd that the value of l rip is’




-
&

R o R 5.14)
Mrip ~ 1r‘J(p,,‘-p) B N !

and the corresponding minimum value of 00 is

| 20 ey mp) “
e, = — A . (5.15)
rip {p o + pV) .

Por a flowing vapor or ‘gas to cause waves on a liquid surface, its
speed must be greater than or equal to the minimum ripple wave speed, that

is, Uvz > Co . - As the vapor velocity is increased, the wave speed and
- rip
amplltude will increase correspondingly, decreasing in wavelength unt11

A = A - (where ¥_ = 31) is reached, where we assumed in the analyszs that

Q m 3

- the entrainment is well developed.

5.1.3 = Unstable Wavelength

From Equation 5,13, the ligquid f£ilm will be unstable if

PgP 3 >ecy - (5.13)

K3U pv '
O (1 + —--) 2r < K, < 37 (5.6)
o] 2 p 3 g
p. U N
vi

after Fearranging and dividing through both sides by'(p£"+ pv) and dropping

- the Ao subseript, we get

2
I'.JV 9 ; O’K3

P, =
L v ‘pi'. * pV ) ;\(p§,+ pv)

: (5.18)

. _ B ] : u 2
The righthand side of Equation 4.16-gives the value of pgpv(-n—lgLé) in

- p£ + pv
term of ‘the wave length A.

. Thus, -the -incipient entrainment wavelength can be found by using Equa-
tlons 5.12 and 5.16. satlsfylng the relatlonsnip 5.13.  This can be donhe by
plottlng C2 vs. A and

13
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g K3

mm————— V5, A
A(pg + pv)“
the intersection point between two curves gives the value of incipient

entrainment wavelengthtvken, as shown in figures 11 and 12 for ammonia

‘at 203 X and 320 X respectively.,

i
i
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6.0 ENTRAINMENT HEAT FLUX

The entrainm nt is assumed to be developed as the result of the

liquid surface dynamic instability at wavelength

p
A 3mo 1+ _lﬂ) (6.1)
en UZ pz
pv vl
thus,
N i/2
Uog = _3mo__ (1 + —") (6.2)
pv en pz

For relatively low liguid velocities the following approximation holds,

o, ~1U (6.3)

and because

2.
A Py Uy hfg
v
9\ .
S50 Av Py Uvﬂ hfg (6.4)
en

By combining Equations 6.2 and 6.4, the incipient entrainment heat flux

can then be determined by,

[ p‘
A-Q—) - —-35-‘%— (1+—") h (6.5)
v en

en

Equation 6.5 has been plotted aloug with the sonic heat flux limit and the
wicking limit heat £lux including counterflow shear effects for water,
freon-11, ammonia, and methane in Figures 13 through 16, respectively.

The equation used for the sonic heat flux limit is that given by Levyla

8\ . fv S e e
A o :
v s 2 v k+1

where pV and Cs are the vapor density and speed of sound evaluated-:at the
evaporator entrance temperature and k = cp/cv is the ratio of specific

heats. Equations 2.4 through 2.13 given by Schlitt, et al.7 were combined

23




10

2
10

2

Heat Flux, Q/Av, watts/m

1G

L4
4

/

/
/ WATER

+

(/8
(/4

fonic Jeat Flux Ligit f/
Bntraigment Beat Flux Lwt

(9/8.

Wicking Limi§ Heat !‘lJ

/
/ :

+
/ ‘o &

[
/
/
/ AN
,r ’ )

4:-'»1

2
~—

-+

i

T
N

Fig.

13.

00 350 400 450 5u0 550 60(
Temperature, K

Performance heat flux limits for water in an axial groove
heat pipe.

24



2

Heat Flux, Q/Av, watts,/m

FREON-11
(é/Av) Sonic He Fl Limiy
éll !1 Ent] FLi
v n
(«, A,)\, Widking Limit Heat Flux Limit
V4
v
/7
L
/
/
i
10°
/
o/ i
v/
yi
r
.Aq‘r
! ] . \T/
% 9, k
/ K
/ A
o e .
J/ W -
[ 1}‘\1 Ct:/
/|
/
/
y
/
10
!
r=
/o
y
T
/ -
/ —1%
*
/ 1t*§\/0_5
/|
/
/4
/ i
/ AY
/
/
/
/
150 200 250 300 350 400 450 500

Temperature, K

Fig. l14. Performance heat flux limits for freon-1ll in an axial

groove heat pipe

25



2

10° :
——
MQONFA
l{.}/AvJB Sonfic Heat Flux Limiti
u'yav);" Entfra inment nnlr. Flux Limit]
(6/%:“ wicking Limit rI-: Flhx
”
/
e
_ e
A
Fa
o
/P
/s
2 L7
10 o
1 7
, <
i /
S /
o Vd
o r
: /
: /
< ';
e /]
§‘ v
= /7
. N |
§ 7
= H /
"4
v
&7
10 / —T
/ -b —
* \0 /’-
/ @™l
7 -
/ A
/ ‘ P
7 e @
/ /4 |
/. // \\: w x Jb-ﬁ
y / T~
. |
7 T

200 250 300
Temperature, K

Performance heat flix limits for ammonia in an axial
groove heat pipe

Fig. 15.

26



2

10
| ] pe- o
A ~
nranz
. //
(Q/Au)s Sorjic Hagqt F1 Limi !
(/A )| Endrainndnt Heat Flux Limit
(é”‘v”\d Widking Ijimit Heat FJux
/
4
/
d
//
o it
N/
/
€ Y,
g @/
3 /
. Vi
d!) .
S /
;‘ / ] .4/
“ / +)%”’
1 f * 59/
g / oA
/
) / |
i
L _
fQ.’Av X ”,'6
. _'_'-—-,H
l A/
80 100 120 140 160 180 200 2
Temperature, K
Fig. 16. Performance heat flux limits for methane in an axial

groove heat pipe

27



*

to give,

-1
2 )
éw _ NQKAQ E.vV (w/Dv) o1 s §-Uv KAg '(6 -
rpLeff 3 Vo {1+s/w) 3 vy Dihv

which givéé the wicking limit heat transfer rate includiﬁg vapor-liguid
counter flow shear.effects. The axial groove heat pipe dimensions given

in Figure 1l were used in these calculations..

In the Figures 13 through 16 it is apparent that the sonic limit heat

flux is consideraﬁiy higher than the other limits for all the fluids. How-

ever, since the wicking liniit is more sensitive to the liguid properties
than the other limits considered here, the wicking limit exceeds the en-
trainment limit for water as shown in. Figure 13. ‘For freon-ll, ammonia,
and methane, which are less effective working fluids (Ng is lower), the
wicking limit is the lowest limit. In all cases, the limits are lowest
at low temperature where vapor densities are low and vapor velocities are
high. This low temperature condition occurs during startup and causes re-

latively large pressure losses and low heat transfer rates.

onanCIBILITY OF THE
fthPRODUQPAGE ) _POORL

ORIGINAL
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7.0 CONCLUSIONS AND RECOMMENDATIONS

) According to- the analysms presented in this report, us;ng the lin~
earized instability theory, wave lnstabllltles grow and entralnment beglns
when 27 < We < 37 rather than at We > 1 as suggested in the past. Here

the Weber number is defined as We = (p.U° A ) /o and A . which is the wave-

v vz
length of the growing instable wave defined by Equatlon 5.6, .1is used as

.the characterlstlc dimensgion in plaCe of 4,. It should be noted that this

result is 1dent1ca1 to that suggested by Cotter9 1n Equatxon 2.15 if both
sides of his eguation are multiplied by 27 to give .Equation 2.,16. Cotter
further stated that A/2w"= d, is ‘a characteristic dimension which is a
geometric. property of the wick surface. Addltlonal experlmental data 15
needed in order to determlne any relatlonshlp between d- and the wick sur-

fare geometry, partlcularly for axial guoove heat pipes.

" The effect of the counter flow shear force between the vapor and
liqﬁid is to create an additional pressure drop, given by APQ,V in Equa-
tion 2.7, which reduces the overall heat transfer rate of the heat pipe,
given by Equatlon 6.7. If wxcklng forces are suf lciently high, as they
are for water, the w1ck1ng 1imit can exce=d the entrainment limit whlch
was shown in figure 13. Thus, according to the calculat10n5 plotted in
iigtre 13 for the axial groove heat pipe shown in figure-1; it is possiv
ble to observe entraimment of water since the entrainment limit oooers ]
before the wicking limit. However, for this axial groove heat_pipe ope-
rating with aﬁﬁohia, freon-11, or methane, as shown in figures 14, 15, -
and 16, the wicking limit would be reachéd before the entrainment limit
and entrainment would never be attained. "

-The entrainment limit- heat ﬁqueis giyen by gquetion 6.5, the entrain-
ment velocity by Equation 6.2, and the entrainment waveiength by Equetion
6.1. The onset of rlppln waves ocours at a wave speed and wavelength given

by Equatlons 5.15 and 5.14, respectively.

Further experimental measurements of the counterflow shear effects

“and the entrainment limits need to be made and compared to the vaiues pre-

dicted by the equations.given in this report.
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APPENDIX A

Detailed Analysis of Wave Instability

Here .an original anal?sis of the counterflow shear wave instability
. ) is presented. For this analysis a fixed coordinate systeﬁ is assumed
) where a liquid film is mOVing“at “peed u, and.a vapor movinhg over it-at
- speed u, as shown in Figqure 21.

—— r— e — Swm— te—

The liguid and vapor flows may be represented by a velocity potential,

¢ = ux, plus a perturbation term, ¢', to account for the waves,

¢

u x + ¢ (A.l1a)
v v

= ! {A.1lb)
by = ugE *
The corresponding boundary conditions are

4+ 4" (A.2a)

0 at ¥y

-9—
i

- and

..
I}

0aty=- 8" ] {a.2b)

The use of wvelocity potentials requirec that the flow is irrot .tional;

that is, the pnrturbation terms, ¢', must satisfy the Laplace's eq ation,




13

374> 3 ¢!
3 + g =0 (A.3)
o ay
The perturbation terms may then be described by a sinuscidal texm,
1 “ “ 217
¢ {x,y,t) = ¥{y) sin 1—-(x - Ct) {a.4)

Introducing A.4 into A.3 we get

2 2

2n .
-(A] Y =0

where the solution is
21 2T
Y -3y
Y = Ae + Be

thus Pguation a.4 becomes

2r .2,
X R
o' (x,y,8) = (Ae®  +Be » ) sin 2 (x-ct) (A.5)

Applying the boundary condition A.2a to ¢' we get

¢! (x,y,t) = D sin %’1 (y-2") sin %’- (x-Ct) (A.6a)

and the boundary condition A.2b gives

2
A

pil

\ (x-Ct) {n.6b)

‘;’;,‘ (%,¥,t) = E sinh (y+&") sin

where D and E are constants.

The forms of Egquations A.6 indicate that the displacement n has a

sinusoidal form as,

2
n=n_ cos 31 (x~Ct) (A.7)

The linearized kinematic conditions across the liguid-vapor inter-

face are

34
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3!
2n an _ v (A.8z)

5t T % 9 T Oy
Ty
an *an L "%
o + ug e 3y (A.8b)

Substituting Equations A.6a, B.6b, and A.7 into #.8a and A.8b respect-

ively, we get

n_{C-u )
D=2y (A.9a)

cosh _iﬂ (y-2")

and

n_(C~u,)
E = —= L {A.9b)

cosh %5 (y+L")

The dynamic pressure gradient condition across the interface in

linearized form is

an
e ! = g 2.0
PE P g 5 (A.10)

Ix

where p' is the pressure perturbation and o is the surface tension.

The pressure, p', may be calculated from the linearized Bernoulli

egquation
p' _ 3" L
o 5t + u S an (A.11)

Substituting Bguation A.11 into A.10, we get

CIN 3¢, ag,
v 3! _ 2 £
Py (at * Yy 3% gm + pE(Bt Ty X an)
2
3
=-~-a ——g- (A.12)
ax

Now we substitute Equations aA.6a, A.6b and A.7 into A.12 and eliminate

b using A.9a, E using A.9, and N« we get
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pV {- C+u )(C—u )tanh (y £

21

- - 2m S8 0 hy =
( c+u2)(c ug)tanh 5 {y+8") (pl p ) 93

pﬂ Al

The above equation may be simplified with very little error, as did
Pippits [17) by recognizing that 2" z .4 AO and y is wvery small so that

the tanh terms are nearly equal to 1, as

iy 2 a2 gh _ _ 2 _
Py (C uv) +p, (C ug) o ("2, pv) 0 (3.13)

Rearranging Eguation A.13 and solving for C, we get

2 1/2
(p,u,+p_u ) p.p,(u_,)
c = (ﬁ’—f‘%—)—-— i C02 - ——‘-’h’i—ﬂ%— (a.14)
2‘ v (pp‘-i-pv} -: 1]
” where
2 gi (pﬂqpv) L . 2ng /

. Co T 21 o4} Alp,+p_) ‘a.15)

© L Py 2" Py

¥Mote that Co is the wave speed of a craveling rippie wave in a

quiet fluid where u, =u, = 0.

From Bquation A.]l4 we can see that the flow will be unstable and

waves will be formed if
2
4
p,p el S
L7v (pi+pv) s

I'HE
GE IS

or rearranging AFPRO

9 SRIGINAL PA
u

vk 2

V2 ]
- PePy b +0 c (A.16)

The magnitude of C given by Equation A.14 varies with L as is shown

Chi3

in Pigure 5.3. The value of A4 for which C is a minimum may be designated
Arip and corresponds to the point of onset for ripple waves. This value

of A?ip can be determined by differentiating eguation A.L5 with respect

36




to A and setting it equal to zero.

5 i for A_,
olving for rip we get

A, =21 j—F—— (A.17)
rip 5,074,

The corresponding minimum value of cD is

- 1/2
209 (p,~p_)}
Cq yip = ———9—*5~53- (A.18)
(pz+pv)

For a flowing vapor to cause waves on a liguid surface its speed must be

> C

greater than or equal to the minimum ripple wave speed, that is, u, z €, rip’
We are interested in waves which are more unstable than the weak

ripple waves, we are therefore interested in waves which have a smallex

wave length then ripple waves, that is, we are interested in waves with

AS A,
rip
CO may be neglected, and then solving for X from Equation A.1l6 we get

For small values of A the gravity term in equation A.15 for

P
AL S R p—" ) (A.19)
pvuv.Q. %

which is identical to Eguation 4.3 given by Tippets [17]! -
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