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FOREWORD

This final technical report was preparec as par: of the contract deliverables under the
"Thermal Energy Storage and Heat Transfer Suppoert Program,” contract F33615-87-C-2738. This
contract was administered by the Aero Propulsion and Power Laboratory (APPL) of ‘Wright
Research and Development Center (WRDC) (now Wright Iaboratory ('WL.)) and co-sponsored
by the Strategic Defense Initiative Organization (SDIO). . [ F. Beum, Ms. J. E. Johnscn, Mr.
M. Morgan, and Mr. A. S. Reyes were the Air Force Technical Monitors at various stages of this

program.

The present report outlin~s the research effort performed vnder Task-1 Heat Transport

System Study covering the specific work done on copper water and stainless steel-sodium double
wall artery heat pipes. The other tasks of this program, namely, Task-2 Thermal Encrgy Storage
Study, Tas¥-3 Innovative Raaiator Study, Task-4 Thermionics Study, and Task-5 Heat Pipe Life

Test Study are covered under separate documents.

The entire work described nere was performed on-site at the Thermal Laboratory
(WL/POOS-3) by UES, INC., Dayton, Ohio with Dr. R. Ponnappan as the Task Principal
Investigator and Program Manager. Messrs. J. Tennant (UES), M. D. Ryan (UES), and D.
Reinmuller (WL) provided the technical support. UES Scientific and LEngineering Services

Division and Drafting Group provided document:tion services.
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3. R.Ponnappan, Studies on the Startup Transients and Performance of a Gas Loaded
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NOMENCLATURE

Surface area

Thickness of wick across the direction of fluid flow

Diameter

Friction factors; as defined by Chi (5]
Gravitational acceleration

Capillary height

Thermal conductivity

Permeability of wick

Length

Noncondensible gas-blocked length of the pipe
Total length of the heat pipe

Pressure

Initial gas charge pressure

Vapor pressure of working fluid

Heat flux

Evaporator heat input (electric heater)
Condenser heat output (calonmeter)

Radius

Resistance to fluid flow

Temperature

Reference temperature

Room temperature at the time of gas loading
Hot zone temperature

Average hot zone temperature

Sink temperature

Evaporator end (T.C. #3) to adiabatic (T.C. #7)
temperature difference

Specific volume
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mZ

m

m

N/m? /(W m)

N/m?
N/m?
W/m?

N/(W m)
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m’ /kg
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a,A

c,C
ca

cm
crit
cu

e,E
eff

- F

3

Greek Symbols

Empirical exponent

Porosity (Section II)

Emissivity of condenser external surface (Section III)
Angle of inclination

Latent heat

Dynamic viscosity

Densiiy

Surface tension

Subscripts
Adiabatic

Axial

Boiling

Condenser
Capillary
Maximum capillary
Critical

Copper

Evaporator
Etrective

Groove

Inner

Inserts

Thermal conduction
Liquid

Mean

Nucleation

Outer

xiv
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Unitless
Unitless
radians
J/kg
N.s/m?
kg/m’
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pm

Wick pore

Perpendicular to pipe axis
Maximum pumping
Radial
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Solid

Saturation

Vapor
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SECTION I
INTRODUCTION

The double wall artery heat pipe (DWAHP) concept was invented in 1982 as a method
of improving the transport capacity of heat pipes.' Initially the new wick design was evaluated
by testing a 1.2m long copper-water proof-of-the-concept heat pipe. This heat pipe, with six
layers of screen mesh wick sandwiched between the outer tube and the grooved and vented inner
tube, transported 1600 Wm. This transport capacity was higher than the demonstrated capacities
of other comparable wick designs such as slab, pedestal, tunnel, and spiral artery."* Even though
the fabrication procedure for this double wall heat pipe was fairly simple and straightforward,
the wrapping and insertion of the screen wick was slightly complicated. An improved version
of the double wail wick was developed subsequently. The imprd?ed design eliminated the screen
wick in the transport and condenser sections in order to reduce the liquid flow resistance. In
addition, the inner tube had larger groove width for the transport length which in essence helped
to increase the effective length of the heat pipe. A 2m long copper-water system of the improved
design was fabricated and tested. Several unique performance improvement ideas such as
capillary inserts, vented and unheated versions of the artery grooves, glass enveloped version,
condenser external heat chokes, ethylene-glycol cooled condenser cooling blocks, unheated
evaporator-end length, and evaporator external heat choke were investigated in three stages of
this study.*!" The last item of the study, namely the evaporator characterization is described in

Section II of this report.

Subsequent to the copper-water system study, the double wall heat pipe concept was
extended to the liquid metal regime in order to exploit the advantages of entrainment-free
transport section and subcooled evaporator artery. A 2m stainless-steel sodium heat pipe was
designed, fabricated and tested. Initially, the gas-loaded mode frozen state startup was verified
and a computer code (SODART) was validated. Additional tests were conducted to compare the
frozen state startup of the gas loaded and the conventional modes. Section III of this report

describes these additional test results.




1.1  DEVELOPMENT OF COPPER-WATER DWAHP
Every stage of the DWAHP development was challenging and intriguing. While the lean-

evaporator behavior and the higher than the state-of-the-art transport capacity of the DWAHP
were encouraging, the unattainability of the theoretical design maximum transport capacity was
discouraging. Finding a suitable answer to the shortcoming of the experimental performance to
that of the predicted still remains as an active area of research. But, however, a lot of
improvements were done to the copper-water DWAHP system during various stages of this
rescarch. Table 1 shows the identification and utilization summary of the various DWAHP units
built and tested. For example, the 2m version was created to increase the transport length, the
glass enveloped version helped to identify the vapor back tlow into the adiabatic artery and
thereby the introduction of capillary inserts, and the ethylene-glycol coolant blocks eliminated

the problem of condenser quenching due to water spray cooling.

Excepting the microgravity testing «nd life testing of the DWAHP copper-water system,
a comprehensive research study has been accomplished. Eleven conference paper presentations,
of which three were published as archival journal papers, and three final technical reports were
generated.''® The heat pump augmented water heat pipe space radiator and pulse power thermal

management applications could use this technology in some form or the other.

1.2 STARTUP PROBLEMS IN SODIUM DWAHP

When starting up a heat pipe from a state with frozen working fluid and heat supplied
only in the heating zone, destruction of the operation of the pipe can occur due to freezing out
of the fluid from the evaporation zone to the condensation zone. The probability of freezing out
of the working fluid increases for pipes with intense heat removal and also for pipes with a large
ratio of length of condenser to heating zone. An increase in the intensity of heat removal has
a negative influence on the startup process. while introduction of a small quantity of non-

condensible gases has a positive effect. Also, it was noted that stepwise heating, supplying

9




power and then shutung it off with gradual increase in power and many repetition of these
operations, could appreciably facilitate the startup. (Ivanovskii, Sorokin and Yagodkin [26] page
182)

The problem of startup from frozen state is compounded in the sodium DWAHP due to
the long, and norcommunicating transport zone wick structure. The vapor and liquid flow
passages are physically separated and the condensing vapor can flow into the artery only after

the hot front moves to the entrance of the condenser section.

A separate technical report has been written on the theoretical model development for a
gas-loaded liquid metal heat pipe (LMHP) and the experimental verification of the startup

parameters. (Applicable documents No.3)




TABLE |

Identification and Utilization Summary of the Copper-Water DWAHPs

Built at the Thermal Laboratory, WRDC

Hardware Identification and

Description

Test History

Disposition/Status

DWAHP 30cm Trial
Sample with Pinched Fill
Tube

Wick Cleaning and
Assembly Practice

End Cap Welding and

Filling Demonstration Model

No Functional Test Done

Display Item

Can be used as a
Demo

[ %]

DWAHP 1.2m #1 First
Functional Model of the
New Concept of Wick
Structure

Complete Pertormance
Tested at WRDC

1600 Wm Transpornt

Sent to Washington State
University and later to
University of Dayton for
Additional Testing

Slightly Damaged
Fill Valve Opened
Accidentally

Can be used after
Reprocessing

DWAHP 1.2m #2 Second
Improved Unit Similar to
#1

Complete Performance
Mapping at WRDC

1653 Wm Transpont
Wright State University

Tested this with Finned
Condenser

In Good Condition

Can be ‘Used as i1s

No Apparent
Problems

DWAHP 2m #1 Improved
Design; Screenless Vented
Transport Section

All Performance Tests

2100 Wm Transport

In Good Condition

Can be Used as is

Glass Enveloped Heat
Pipe Inner Tubes of
DWAHP 2m #2

Flow Visualization Study

Helped to Observe Vapor
Backflow into Artery

Capillary Insert ldea was
Evolved

Dismantled and Inner
Tube Used for
Making DWAHP 2m
#2

DWAHP Zm #2
Screenless Unvented
Transport Secnon;
Priming Enhancements
Installed

All Performance Tests
Ethylene Glycol Cooled
External Condenser was
Used

2800 Wm Transpont

Evaporator Burn-out

Totally Damaged

Adiabatic and
Condenser Sections
of Inner Tube may be
Nahvaged




SECTION 1I

COPPER-WATER DWAHP:
STUDY OF CRITICAL HEAT FLUX IN THE DWAHP EVAPORATOR

2.1 PROBLEM IDENTIFICATION AND SCOPE OF THE STUDY

The fact that heat is transferred into a heat pipe through the liquid saturated evaporator
wick gives rise to the so-called "boiling limit" on the heat pipe capacity. The composite nature
of the Double Wall Artery Heat Pipe (DWAHP) wick structure makes the prediction of the
evaporator superheat (AT_,) and the critical radial heat flux (q,) very difficult. The effective
thermal conductivity of the wick, effective radius of critical nucleation cavity and the nucleation
superheat which are important parameters for the double wall wick evaporator heat transfer, have
been evaluated based on the available theoretical models. Empirical correlations are used to
corroborate the experimentai results of the 2 m DWAHP. A heat choke mounted on the
evaporator made it possible to measure the evaporator external temperatures which were not
measured in the previous tests. The high values of the measured evaporator wall temperatures
are explainable with the assumption of a thin layer of vapor blanket at the inner heating surface.
It has been observed that partial saturation of the wick (lean evaporator) causes the capillary limit
to drop even though it may be good for efficient convective heat transfer through the wick. The
2-m-long copper-water heat pipe had a peak performance of 1850 W at ~23 W/cm? with a

horizontal orientation.

The Double Wall Artery Heat Pipe (DWAHP) is a high capacity design intended to
transport large amounts of heat at near tsothermal conditions. While heat transport through a
long adiabatic length is not a major problem, it is very difficult to transfer heat energy across the
walls of the heat pipe at the eviporator and condenser without substantial penalty of temperature
drops. The problem is compounded due to the phase change occurring within the porous wick
and the complex nature of liquid-vapor flow controlled by the capillary vorces. The effectiveness

of the evaporator wick design depends on the largest radial heat flux it can handle with the
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smallest temperature drop. The double wall wick shown in Fig. 1 is noted for its counter current
liquid-vapor flow model and the subcooled liquid channel design at the evaporator.'* Two 1.2-m
and three 2-m-long DWAHP’s were tested with essentiall; similar evaporator construction.”!***
The evaporators were heated by direct contact electrical resistance coil heating. Attempts to

measure evaporator wall temperature failed since the heater always influenced the measurement.

Generally boiling is not tolerated in conventional heat pipe evaporator wicks because it
leads to evaporator dry out. If the wick is designed to eliminate boiling, it will severely restrict
the transport capacity of the heat pipe. The boiling limit (or the critical heat flux applied to the
evaporator without causing boiling) depends on the radial effective thermal conductivity (k,,) of
the wick structure and the evaporator critical superheat (AT_,). The latter is calculated to a
reasonable accuracy from the knowledge of nucleation boiling theory. But a precise
determination of kg is difficult which is further complicated by the high capacity wick designs
(such as the present DWAHP) wherein a composite wick of screen and groove with partial
saturation 1s to be considered. Insitu ineasurement of k.o is very difficult because it requires
mounting of thermocouples inside the hermetically sealed heat pipe. The available k., equations

do not account for the effects of vapor generation within the wick and partial satusation.

The scope of the present work was to measure the evaporator temperature externally at
various input heat fluxes and determine the k., indirectly and venfy with empirical correlations
available in the literature. Also it was the aim to determine the etfect of partial saturation on the
critical heat flux. The approach was to use one version of the 2m copper-water DWAHP test
setup for the experimental measurement and compare the results with those of the available
theoretical or empirical relations. A heat choke was mounted externally on the evaporator to help
evaporator temperature measurement. The radial heat flux was doubled (11.5 to 23 W/cm?) by

reducing the heat input area by one-half.
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2.2 ANALYSIS OF THE EVAPORATOR PARAMETERS

1. Evaporator Liquid/Vapor Flow Model: The evaporator liquid/vapor flow model

of the DWAHP is shown in Fig. 2. At low power inputs, surface evaporation without boiling

occurs as in Fig. 2°A). When the heat input is increased, nucleation boiling starts at the heat pipe
wall and the vapor flows through the unwetted screen making it partially saturated. This
condition is shown in Fig. 2(B) and (C). The formaton and motion of the vapor within the wick
create the convective effects which form the dominant mechanism of heat transfer at the

evaporator.

2. Effective Thermal Conductivity of the Wick (k.): The series-parallel model given

in Chi'’ for the thermal co.ductivity of fluid saturated porous metallic wick as given in Eq. (1)

-

underpredicts the values for k..

_ kit k) -(1-)(k, k) (1)

T (kytk)+(1-e)(k,k,)]

For water saturated copper screen of 40x40 cm' mesh with wire diameter of 0.1143 mm,
ke = 0.68 W/m K, k, = 394.68 W/m K and porosity of 62.89%, k., = 1.477 W/m K at 160°C.
This low value of k,, does not explain the relatively high expernimental radial beat flux of

23 W/cm? demonstrated in the DWAHP tests.

Phillips, et al.'® proposed a new model called "mean gap model" which accounts for
three-dimensional effects and layer-to-layer contact. For the above wick assuming a packing
number of 1.0, this model predicts k., = 1.673 W/m K which is only 13 percent more than the
series-parallel model. Both series-parallel and mean gap models are applicable only to the 10(:%

saturated wick shown in Fig. 2(A).




/‘-**-—" LIQUID CHANNEL / VARPOR SLOT

/ STRUCTURE
~— Liquo sSAELé%AT‘EgRMUI;T:R
| —— - N LAYER SCREEN UCTURE
/ [ OUTER WALL CAPILLARY
PA A A bbb ; GROOVE STRUCTURE

APPLIED HEAT FLUX
A. SATURATED WICK-ARTERY MODE'. SCHEMATIC

|  ~=——— _1QUID CHANNEL /VAPOR SLOT
STRUCTURE

—--—-—— PARTIALLY SATURATED MULTI-
LAYER SCREEN STRUCTURE

—~®——— QUTER WALL CAPILLARY

TS N N T S S S S GROOVE STRUCTURE

APPLIED HEAT FLUX

B. LEAN WICK MODEL SCHEMATIC

- VYAPOR FLOW THROUGH UNWETTED SCREEN
PORE AREA AND SLOT

—
¢ |- _1QUID FLOW SUPPLIED BY
ARTERIES

(| —e—— LIQUID FLOW THROUGH PARTIALLY
' SATURATED SCREEN LAYERS

PA bbb
APPLIED HEAT FLUX

C. COUNTER CURRENT LIQUID-VAPOR FLOW

Figure 2. Evaporator Section Liguid/Vapor Flow Model.




Alexander'® ;roposes an empirical relation based on the experimental data for water
saturated metallic wicks in the form of Eq. (2). There 1s no physical rationale available tor this

relation except the fact that it has the wick/fluic conduciivity ratio and porosity factors.

1 -e)*
k(0w 2)

The exponent o is an empirical constant obtained by Alexander s 0.59 for layered cloth wicks.
For the present wick, this model predicts k. = 23.55 W/m K =t 160°C and does not change with
temperature significantly. This is a surpnisingly high value and deserved attention in the present

analysis of the DWAHP wick. Furthermore, it is based on experimental resuits.

Peterson and Fletcher report experimental k., values of 40 and 55 W/m K in the range
of 20-100°C for dry and wet 59 percent porous sintered copper powder wicks, respectively.
These results cannot be compared with screen wick data since siitering improves the metallic

contact which is expected to improve k.

No other thermal conductivity model is available in the literature which includes the vanor
generation and dynamics within the wick. Also important are the factors such as packing,

saturation, and contact pressure to be built in k..

3. Nucleation Radius (r,): From the nucleation theory of Rohsenow and Bergles,”'

the nucleaton radius, r, 1s given by

) 20T _k(v, vy ]"-5 3)
Aq, |

S
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The DWAHP test results have shown g, values from 0 to 23 W/cm? without wick dryout. Two
representative cases of long and short evaporator heating arrangements which lead to a uniform
heat flux of 11.22 W/cm? and a concentrated flux of 23.76 W/cm’, respectively, are used here
to obtain r, at the corresponding operating iemperature of 200°C.

r,=372x10°m at 11.22 W/em?

r, = 2.556x10°* m at 23.76 W/cm?

These values are very small compared to the wick pore radius (r,) of 1.27x10"* m which will be

the limiting r, in case Eq. (3) predicted values larger than r,.

4. Nucleation Superheat: Marcus® has shown that the critical evaporator superb-

(AT across the wick) is given by

(4)

where AP, is the maximum value of capillary head along the evaporator. Substituting the r,
values and the other property values, one obtains,

AT, =0.62 K for low heat flux

AT, = 091 K for high heat flux

5. Cnucal Heat Flux: The nucleation superheat predicted above represents the

maximum temperature difference sustainable across the evaporator wick without nucleate boiling
within the wick. In certain composite wicks such as annular arteries and screen covered grooves,
wick boiling clearly renders the heat pipc inoperative since the vapor cannot escape the wick.?
The boiling limit for such cases becomes the limit of conduction flux into the evaporator and is

given for cylindrical heat pipes as

_ 2LkAT,, )

N In(r Jr,)
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These Q, limits are very low values and are over-conservative when compared 1o the present
expenimental result (1800 W). This means that the double wall wick does not dry out with the
incipiency of boiling. Due to the provision of clear vapor venting arrangement and liquid feeding

from inner side, boiling is tolerated within the screen layers.

6. Film Boiling: In order to verify the effect of vapor accumulation within the wick,
a thin uniform layer of vapor blanket equal to a height of half screen wire diameter (0.5 d,,,) is
assumed at the heating surface. The effective thermal conductivity of vapor and screen is found
to be k., = 0.0566 W/m K using Eq. (1). From the experimental values of steady-state tests at
1700 W, a net radial heat rate of 1530 W goes through a vapor layer of 0.05715 mm over the
evaporator length of 25.4 cm. These values are plugged into Eq. (5) and a radial temperature
drop across the film is obtained as AT,,, = 103 K. This clearly explains the very high
evaporator average measured AT (of the order of 100 to 150 K as seen in the axial temperature

profiles) at high heat inputs.

7. Axial Versus Radial Heat Conduction at the Evaporator Exii: Axial heat

conduction through the wall and wick at the evaporator exit region where the capillary inserts
are installed affects the vapor bubble generation, growth, and venting at the evaporator exit. The
axial conduction together with the preheating of the return liquid by the counter-flowing vapor
at the region where the artery channel interfaces (Fig. 3) with the evaporator determines whether
the return liquid is subcooled or superheated. If superheating occurs, then bubble generation in

the inserts is imminent.

The simple conduction relation given by Eq. (6) is used to calculate the heat flow through

the insert lengths of 1.27 cm.
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AT,
- kax 6

The effective thermal conductivity of the wall at the liquid saturated inserts, k,q; is computed

based on the fact that the wall material and the inserts are in parallel.

k

s = € kv (1-epk, ™

The liquid saturated screen conductivity ¥, hias been computed as 1.673 W/m K by the mean gap
model."® Substituting k,, = 394.08 W/m K and g = 26.04% (porosity for liquid flow in the
* grooves at the insert r2gion computed as AJ/A,) k.q; has been obtained as 292.33 W/m K. Now
Q... is obtained in terms of AT, ,, as in Eq. (8),

Qi = 6014 [AT, ] 8)

Q... cannot be computed without knowing AT, ,,. Experimental measurements are used to obtain
this. A typical steady-state test temperature data showed a AT, ,, of 3.3 K across the insert length
at 1850 W input. Therefore, Q,,, is only 1.2 percent of the axial heat transport rate through the
vapor core. Another set of steady state data at 500 W revealed that the AT, ,, was 1.4 K for the
average operating temperature varving from 100 to 200°C and accounted for only ~2 percent of

axial conduction.

On similar lines, the radial heat conduction, Q,, can be obtained in terms of radial
temperature difference across the wall and wick at the insert region, AT, ,, as given in Eq. (9) for

comparison with Q, .

Q,, = 4276AT,] 9)
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It is evident from Eqgs. (8) and (9) that the axial conduction is not significant compared to radial
conduction. However, the radial conduction ic also minimized by the adiabatic insulation. In
actual heat pipe tests, it has been observed that the adiabatic vapor core and external wall
temperatures are almost the same. AT, is very small and it depends upon the small amount of

heat loss *hrough the iusulauoi.

Hence, it can be concluded that neither the axial conduction nor the radial conduction at
the evaporator exit (region of the inserts) poses a real threat of superheating the return liquid.
However, it should be noted that the return liquid must be always subcooied. The minimum
available temperature difference (subcooling) between the vapor core and the liquid channel for

the present heat pipe is given in the next section.

8. Artery _Subcooling: Since the liquid leaves the condenser at a subcooled

temperature relative to the main vapor core temperature, the saturation pressure within the artery
channel is less than the pressure in the vapor core. The pressure difference can be expressed by
the Clausius-Clapeyron equation (Eq. (10)) which relates the temperature and pressure along the

saturation line.?

P
AP - — AT (10)

Here, R is the gas constant for water. This AP is equated to the capillary pressure head available
for the given pumping wick of the water heat pipe and the corresponding AT are obtained at
various vapor temperatures as listed below:

T(C: 20 60 100 127 160 200 254

AT(k). 944 1.12 026 0.107 0048 0.0198 0.0073
In an operating heat pipe, if the subcooling temperature differences (AT) are lower than the

values given above, there will be a likelihood of bubble generation in the liquid channel. This
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bubble may grow and eventually cause artery depriming. Therefore, it is re-emphasized that the
return liquid to the evaporator must be in subcooled condition throughout the entire length of

flow.

In the present experimental studies of the double wall artery heat pipe, these

measurements could not be miade as there were no internai thermocouples.

5. Partial Saturation in the Wick: The capillary wicking limit of planar heat pipe

wicks as derived by Alexander' is given by
qcril = (Q/A)cril

9
a(T))

L (1)

(4

p(T)) - p,lsin(e)]
. -
LA §
<1,

This expression does not account for the frictional pressure drop for vapor flow in the wick and

(11)

ch'!
pKeAB

assumes that the entire wick cross section is available for liquid flow. Actually, in our concept
of a lean wick, there is certainly the possibility of vapor flow through the wick when it is
partially saturated, giving rise to vapor friction forces that offer additional flow resistance

consequently reducing the overpredicted values of critical heat flux.

Ferrel and Johnson* developed a better version of the equation by incorporating the

resistance to vapor flow and modifying it to

S H (T)——p(T) - pL,+L,)sin(®)
0 - ¢ o(Ty) (12)
R O
¢ 12K, pe, BA K, pBA K, p(e-e)LA
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In this equation, g, represents the porosity for liquid flow, that can be arbitrurily varied from
zero to a maximum value equal to €, the wick porosity. The portion of the wick volume, not
occupied by liquid, is assumed to be filled with vapor. Here the wick is considered to have the
same configuration along its length, and the condenser region is part of a liquid reservoir, unlike
that of the DWAHP where the wick structure is complicated by the composite nature of the

double wall and the condenser is not exactly a part of any liquid reservoir.

A similar equation has been developed for the DWAHP where all the resistances to liquid
as well as vapor flow in the entire heat pipe have been considered while incorporating the
concept of €, In this equation, Q. is determined by an iterative method as the friction factor

for vapor flow is expressed as a function of Q.. The revised equation for q. is written as

(pp,,/21rL o T

- (13)
T FyLy+F, Ly
where
P, -P_-AP - AP, (14)
FlLy = R,*R +R +R +R R, 13)
F, L, - fQ.) (16)

F, and F, represent frictional factors for liquid flow and vapor flow respectively as explained

in the heat pipe text."

The expanded relations of each of these terms in Eq. (15) as functions of the geometry,

the fluid/vapor properties, and the respective porosities are provided in Table 2.
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TABLE 2. Details of the Various Terms in the Equation for Capillary Wicking Limit Evaluation

Term | Representation Expanded Relation
2 AP, (8/8:) Py dv cosB
3 AP, (g/g) p, d,, sin®
4 R,.
' ]’c ol
4rr, K, B, e, Ap,
5 R,,
' B, 4y
2nr, K, L, e, Ap,
6 R
" L, al
4nr, K, B.' Ao,
7 R
“ L ol
2rr, K, B, Ap,
8 R,,
' L, ol
2ar, K, B, Ap,
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The critical heat input based on capillary limitation and porosities for liquid and vapor
flow were evaluated according to Eq. (13) for various temperatures ranging fror 20°C i0 254°C.
The resulting values are given in Table 3. The calculation details for the vapor friction factor,
F,, are explained in Reference {17]. Wher €, = € (100% wick saturation), Eq. (15) is not used
to calculate Q. since R, is not definable. Since no vapor is present, R, , is assumed zero and
Q. is calculated taking into account other R values. It should be noted from Table 3 that the
Q.; values decrease with the decrease in satnration ratios, and the present experimental values

of heat input roughly lie in the range g, = 0.4€ to 0.2¢.

2.3 EXPERIMENTAL WORK

Double Wall Artery Heat Pipe: As indicated in the cross section of the 2-m copper-water

DWAHP in Fig. 1, there were a total of 12 inserts, each 12.7 mm long, 2.38 mm wide, and
2.38 mm deep located at the evaporator, transport transition region. Screen loops 305 mm long
were also positioned in the 12 evaporator grooves without vent slots. The inserts were

introduced to prevent vapor back flow into the adiabatic arteries while the screen loops ensured
radial liquid supply from the arteries to the screen wick in the evaporator section.” The inserts
were made from 24x24 cm’ copper screen and the screen loops in the evaporator grooves were
made from 40x40 cm’ screen strips. There were no vent slots in the adiabatic section as the

inserts were expected to eliminate the bubble movement into the adiabatic arteries.

Evaporator Heater Configurations: The DWAHP was tested with four different evaporator

heater configurations in order to vary the heat flux and determine the maximum heat flux at
which it would operate. As shown in Fig. 4, two of the configurations tested invelved heat choke
isothermalizers between the heating coil and the evaporator of *i¢ heat pipe. The heat choke is
made of machined copper semi-cylindrical blocks (6 mm thick) mounted externally on the
evaporator section of the heat pipe and bolted together tightly for good thermal contact with the
heat pipe. The outer surface of the heat choke has circular grooves to fit the helically coiled

heater. The heat choke was introduced with the intention of minimizing kot spots that might be
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TA3LE 3. Critical Heat Input Based on Capillary Limitation and Porosity for Liguid Flow

Temp. Critical Heat Input, Q_, (W)
Q) g =& £, = 0.8¢ g, = 0.6 g, = 04de g, =0.2¢
20 737 648 606 525 356
60 2336 1866 1632 1282 741
100 3951 3982 2524 1905 1045
127 4894 3502 2930 2135 1143
160 5464 3762 3067 2215 1167
200 5317 3501 2803 1995 1037
254 4076 2593 2064 1455 751
- i e

responsibie for the premarure dryout of the heat pipe. This apparently minimizes the tendency
to deplete certain arteries of the working fluid and also helps direct measurement of the

evaporator wall temperaturc.

There were two configurations with direct contact between the heating coil and the heat
pipe env:lope material in the evaporator region of the heat pipe. The other two configurations
nad the heat choke separating the heating coil from the envelope material in the evaporator region
of the heat pipe. [t was found that even though the introduction of the heat choke did not
improve the overall heat transport capability of the heat pipe, it certainly enhanced the tolerable
heat flux limitaton to 23.76 W/cm?®. This revealed that the earlier dryout situation occurred for
reasons other than heat flux limnitations on the heat pipe. The performance results for each of

the fmir cnafigarations tested are also provided in Fig. 4.
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Test instrurnentation and Procedure: A description of the various elements constituting

the insrumentation of the DWAHP is provided in the paper on condenser quenching studies.”
Several different heating configurations were used for the evaporator, as explained earlier. The
calonimetric condenser with copper cooling jackets and Ethylene Glycol circulation was the
cooling method used for the heat pipe testing. The heat pipe was mounted on an optical bench
with leveling screws that could be adjusted to maintain a horizontal or inclined orientation. The
entire heat pipe assembly was insulated with Fiberfrax insulation to minimize heat losses to the
atmosphere. A total of thirty copper-constantan thermocouples were mounted all along the heat
pipe wo monitor the various temperatures. The unique feature of introducing the heat choke in
the evaporator was that thermocouples could be mounted on the surface of the heat pipe, without

being :nfluenced by the heating coil.

As shown in Fig. 5, a schematic representation of the evaporator with the heat choke and
a short heater, there were four peripheral thermocouples at each of the five axial locations. These
thermocouples were mounted in this fashion to provide some information on the depletion of
arteries at the time of dryout. In addition fo these thermocouples, two thermocouples (#2 and
#3) at the evaporator were used as senstig devices to shut off the power supply to the heater if
the temperaiures exceeded 220°C. These two temperatures were constantly monitored by an

Appl computer system wnie the other thermocouples were connected to a datalogger.

Sicady state performance tests were conducted with each heater configuration to determine
the max.num heat ransport capability. For =ach test, the heat pipe was allowed to warm up
gradually by allowing it to atrain steady state before increasing the heat input. Each test was
imbated at 125 % sne continued up to 750 W in incremental steps of 125 W. Thereafter, the

steps were changed 10 50 W ur to 1600 W and eventually reduced to 25 W till dryout occurred.

tanermental nceriainty: ‘The power and temperature measurements are rather straight

fossonn Srandird calibrated equipment were aused for all measurements.  The uncertainty in

UL nEisuiement using copper-constantan thenmocouples was £ 1.0°C or £ 075%




I A Apeas M 0081 o 10j 3did 18H 3@ JO
JJUAISJWINIIT) Y} GO Saimeladiud] SUTpuodsalio]) pug suoned0’| 9[dn0d0OULdY [ "G g1

..||»v\[\||" C——
|M_1 (IWOYHDIN) (43dd02)
~¥31V3IH 110D 3S0T1D VIg2'€-»> —3XOHD LV3H
_ BRI AN
NANRNNNN _|\|
I <
vIQ 2 22 + Y
| % 1 jeeel
_ ALSANRARRRARANRRRANNNY S
_ B |
_ _
v'9—>| Tlln.molll;v_f!i,nmmlfl#fii:nmw oM g9 - o >t
26l 1€ sQv
b2 oz™ 9 S 2
61l an_ £6206| 111490 Z2IbmSI p6E  GlgMll W;wmm XA A G022
22 8! -9l
€6l 20§ :v ote

438WNN 31dN0JoWNaH1"
ww N| SNOISNIWIQ 17V :3LON . \
Do ‘IUNLVHILWIL

23




{whichever is greater) in 0-350°C. The uncertainty in electrical power measurement using analog

tvpe volvampere merars w0+ 0.25% 1n 0-2000 W,

to
Fee

RES .S AND DISCUSSION

Fipu-= 6 represents the arial temperature profiles at various operating temperatures for
a neaiwnpu’ - 50C W From (he plots, it can be observed that the difference between the peak
evaporator «:rnmerature and the average opera*ing temperature decreases with increase in the
operating teruoer..nre. This is typical of the lean evaporator wick where the motions of liquid
and vapor are based o ¢ counterflow model. As the operating temperature goes up, heat
convection dominzies due to v1e prisciice of vapor in the partially saturated lean evaporator wick.
This tends to increase the overall effective thermal conductivity of the wick, consequently
reducing the difference between the peak evaporator temperature and the average operating

temperature for the same heat input.

Figures 7, 8, and 9 represent the steady-state axial temperature profiles for three different
heater configurations on the evaporator. Comparison of the temper-ture profiles with and without
the heat cr.oke reveals the importance of being able to measure the actual temperature of the heat
pipe evaporator without the influence of the heater. It was found thnt the evaporator temperatures
at the center of the heater were as high as 200°C above the average adiabatic temperatures, for
heat input vaiues m excess of 1500 W. The reason for these high temperature differences in
Figs. ¥ ound ¥ can be explained by the presence of a very thin (~0.5 d,,.) film of vapor at the
envelone/screcn wick interface that results as a consequence of film boiling at high values of heat
input as lusirated by caiculations given in the analysis section. This thin film can reduce the
effective therm.!  oaducuvity of the vapor/screen combination to very low values
O U366 W/m v, lorcing the heat pioe o operate with large radial temperature gradients in the

svaparator s e tiim thickness wnereased progressively with heat input.
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Axial Temperature Profiles for the Lean Wick Characterization.
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Another important result obtained from the long versus short heater tests (Figs. 8 and 9)
is that the evaporator is performing in the same manner under low (11.22 “W/cm?®) or high
(23.76 W/cm?) radial heat fluxes. In other words, the present maximum transport limit of 1700
or 1800 W is not limited by the radial heat .?ux handling capability of the evaporator bur due to

the capillary or temperature limitations.

Transient Temperatures Characterizing Dryout: A comparicon of the transient temperature

profiles in the evaporator, for dryout situations with direct contact and indirect contact hzaters,
is provided in Fig. 10 and Fig. 11. The heat pipe was not instrumented to measure the
temperature at the center of the evaporator in Fig. 10, and so the AT values appear tc be lower
than those corresponding to the dryout situation with the heat chcke. Actually, the temperature
at the beginning of the heater should be compared to determine the highest temperature attained
in the evaporator. These values were 430°C for the direct contact heater and 360°C for the
indirect contact heater indicating that the presence of the heat choke helped in uniformly
distributing the heat input to the evaporator. Further, the temperature rise at dryout was much
more rapid in the case of the direct contact heater whereas the indirect contact configuration
allowed a gradual dryout. The maximum heat input was 1850 W for the indirect contact heater
as against 1700 W for the direct contact heater. Thus the introduction of the heat choke was

found to be quite beneficial in many forms.

Figure 11 characterizes a typical dryout situation where the arteries get depleted of the
working fluid and the temperatures initially go up rapidly in the evaporator until the input power
is shut off by the computer. After this, repriming is iritiated and the temperatures alorng the heat
pipe tend to equalize gradually till all the arteries are completely primed. The thermal mass at
the evaporator keeps the neat pipe operating at this stage *ill all ific temperatures come down to

ambient levels.

Effect of Partial Saturation: Table 3 give« the critical heat input values based on capiliery

limitation and porosity for liquid flow, as evaluated by Eq. (13). Here the poresity for liquid

flow which represents the available fraction of the total void area of the wic™ was vaned
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arbitrarily from a maximum value of 8 to a minimum value of 0.26. The values for temperatures
ranging from 20°C to 254°C indicate that the critical heat input peaks at around 160°C. As
mentioned earlier, this method is invalid for lower values (€, << 0.2€) of porosity for liquid
flow. For all the evaporator heater configurations considered so far, the range of maximum heat
input varied from 1700 W to 1850 W indicating that the wick might have had a porosity for
liquid flow of g, < 0.4¢€, just before it dried out.

Average Effective Thermal Conductivity: Figure 12 shows the variation of average

experimental effective thermal conductivities of the evaporator wick for the short and long heater
modes. The experimental k., values were calculated using Eq. (17) and the average evaporator
AT along with the net heat inputs where the radius ratio represents that of the heat pipe outer

radius and vapor core radius.

_ 09 Q,, In(r jr)

—— (17)
2 L, (T,-T,)

ke

At low heat input (<500 W) and low heat flux (<11.22 W/cm?), the experimental k.
(22-25.5 W/m K) matches with that predicted by Eq. (2), (23.55 W/m K). At higher fluxes and
power inputs, the experimental k., drops down. This is apparently due to the effects of vapor
film impeding the heat transfer at the wick/inner wall interface.It is becoming clearer that
computing k., for "boiling-tolerant" wicks based on 100% saturation is erroneous. True
prediction of k., for such "boiling-tolerant” wicks should include convective effects in addition

to conduction.

2.5 USEFULNESS AND PRACTICAL SIGNIFICANCE

This research was aimed at developing a semi-theoretical explanation for the discrepancy
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capability and the actual experimental values obtained. An attempt has been made to predict the
microscopic heat transfer mechanism and the thermal resistances in the evaporator using only the
external temperature measurements and the macroscopic thermal performance without getting
involved with internal measurements and the uncertainties accompanying them. This analysis
not only adds credibility to relevant earlier investigations but also attempts to bridge the gap

between the theoretical and expenmental results.

In spite of many yeass of research publications found in the literature on boiling heat
transfer, there is a wide gap between the practical applications such as the heat pipe and the
available basic theory. The presence of porous wick structure and the dependance on the wick
capillary force for the condensate liquid return flow, complicate the boiling heat transfer problem
associzted with the heat pipe evaporator. The conventional heat pipes usually depend on
conductive evaporauon in the evaporator for heat transfer where boiling is not tolerated.
Advanced high capacity wick designs, such as the DWAHP, use composite wicks which are
"bouiling-tolerant.” The partial liquid saturation with evenly distributed micro vapor-channels in

the wick (Fig. 2(B)) supporis high radial heat flux.

The practical significance of this research centers around the capability to accurately
predict the critical neat tlux of a heat pipe evaporator. The key thermophysical parameter
governing this 1s the ffective thermal conductivity (k. of the wick. And the present paper
contains useful infonpation regarding kg calculation and shows the limitations of the ’series-
parailel model’ and the “mean-gap model’.!”"® The authors did not recommend the use of these
models for high capacity heat pipe designs. Although insitu measurement of k. is very difficult,
an indirect method of measuring the lumped average effective thermal conductivity has been
demonsirated. This method could be used in any heat pipe testing. The present experimental
resuils are expected to help the formulation of new empirical correlations similar to that of
Alexandar.” A theoretical model which can account for the partial saturation and convective

SlesT e vapor witadn ine wick pores would be an appropriate solution for this problem.
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2.6

CONCLUSIONS AND RECOMMENDATIONS

Congclusions:

The 2-m copper-water DWAHP evaporator heat transfer and performance characteristics
such as boiling limit, AT, and k., have been analyzed and compared with experimental

results.

The wick effective thermal conducdvity model based on 100% saturation and the
condition of "no-boiling" does not apply to the DWAHP situation. The theoretical k q
value for 63% porous copper screen saturated with water is 1.673 W/m K while the
experimental k., for the DWAHP at low heat input and flux is 22.5 W/m K. This
experimental value matches with that predicted (23.55 W/m K) using Alexander’s

relation.

The critical heat rate tolerable at the double wall evaporator without causing boiling in
the wick is very low (~200 W).

A film boiling situation and the presence of a thin vapor film at the wick/inner wall is
theorized to explain the high evaporator AT (~100-150 K) and the "boiling-tolerance" of
the double wall wick.

Axial and radial conduction at the evaporator exit region where the capillary inserts are
installed, are not significant. Arteries should be cooled below the saturation level to a
AT predicted by the Clausius-Clapeyron relation so that bubble generation within the

arteries is eliminated.
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6. The revised capiliary limit calculation based on the partial saturation of the wick puts the
experimental results in the range of 20 to 40% of liquid and the remaining 80 to 60%
vapor in the wick pores. The inability to measure the wick saturation in actual heat pipe

testing makes the comparison of experimental and theoretical results difficult.

Recommendations:

There are several directions in which the DWAHP related research could be augmented

or extended. Ther are als¢ some science issues and new directions to be explored. These are,

1. The physicaily separated vapor and liquid flows in the DWAHP helps to subcool the
artery channrels. The effects of subcooling and internal insulation between vapor core and

the artery channels to aid Clapeyron priming may be explored.

2. Mechanical vibration is certainly a factor affecting the priming and the overall

performance  This aspect should be studied.

3. Through a computerized design, it is very easy to optimize the artery or groove size;

smaller artery greoves may be sutficient.
4. In DWAHP 2.p #2, the knocking and "water hammer" effect was very severe. The
connsction hetween the ventless transport and this pnenomenon needs to be investigated

in derail

5. The tower liquid flow tricuon advantase is not fully realized in 2m design. If this is to

be noticed disunetiv, at fcast a Sm long DWAHP must be designed and tested.

6. Aiiboach sorvisabidity questions are raised in connection with liquid metal heat pipes, it

s cquadiy mportas. ur water heat pipes also if they are to be used in space radiators.
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10.

11.

12.

13.

14.

DWAHP design certainly has to be verified in other temperature regimes such as in

methanol, freon, liquid metal, and cryogenic heat pipes also.

In case the double wall design is considered for future space applications, its working

must be verified for zero gravity operation.

Existing heat pipe design codes may be adopted or a new design code may be evoived

to optimize the DWAHP design.

After the inner tube and wick assembly into the outer tube, the pipe could be
mechanically swaged to lock the pipes tog=zther. This is expected to elimina:e the cross
communication of fluid between grooves the thereby make the theoretical modeling more

accurate.

Bendability tests may be initiated in order to take care of special applications in space

radiators.

Life testing of copper-water DWAHP for potential use in special missions such as Mars-

Mariner II program or space station.

Testing of the 1.2m DWAHP #1 with ethylene glycol cooled saddles for steady anc

transient performances.

Conduct visualization experiments with 2 m . "'AHP #1 (with vented arteries) to observe

vapor venting process.
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SECTION III

LIQUID METAL DWAHP:
ADDITIONAL TEST RESULTS OF GAS AND VACUUM MODE STARTUPS

3.1 POTUNTIAL USE AND PROBLEM AREA

Liquid Metal Heat Pipes (LMHP) using potassium, sodium and lithium as working fluids
have potential applicatior in ~pice power systems such as SP-100, space station, and a variety
of military spacecraft. Also, gas-loaded LMHPs are used in terrestrial applications such as
isothermal black body standards for sensor calibration and semiconductor single crystal
processing.”** In all these applications of the LMIPs, some of the important performance
critena to be investigated are startup, shutdown, isothermality, and active condenser length
regulanon. Noncondensible gas (NCG) filling converts a conventional heat pipe into a variable
conductance heat pipe (VCHP). Lcw temperature VCHPs have been extensively researched in
the past, and they are used in thermal control application of low power communication satelliies.
However, only a limited number of research publicatiors are available in the high temperature
VCHPs. Also, it is believed in certain sections of the heat pipe .esearch community that LMHPs
do not have any startup problems, and any attempt to gas-load a LMHP would adversely affect
the priming of arterial type heat pipes.”” In order to understand these problems closely, a 2-m
stainless steel - sodium, argon filled, grooved artery heat pipe was designed, fabricated and

tested. Experimental results showed successful startup an¢ performance.’®*

It is extremely difficult to fabricate a perfectly gas-free heat pipe in actuality. As the
heat pipes are usua'ly long and slenaer tubes, evacuating them to ultra-high vacuum levels
(10°® torr or better) betore filling with working fluids is impossible. For a typical heat pipe 2 m
long, 2.22 cm vapor core diameter, if the fill tube end is at 10° torr, the closed end will be at
77 e qgsuming reasonable ourgassing rate for the pipe and pumping capacity for the vacuum
pump. Hence, there is always a small quantity of residual gas left inside the pipe. The quantity

of residuai gas (ideal gas) at 10* tor. and 300 K is 13.78x10"° gram-moles for the heat pipe
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mentioned above. Appendix A shows the details of this calculation. In addition to the residual
gas, there are other sources of gas contributing 1o the total NCG that may be present within the
heat pipe. For example, the internal surfaces of the pipe and wick structure may degas at high
operating temperatures due to minute impurities and adsorbed gases which are released on
heating.”® If an LMHP is operating in a moist environment, there is the likelihood of hydrogen
permeation into the pipe.”’ Hence, in a practical sense, a truly vacuum mode heat pipe is
nonexistent. On the other hand, gas-loaded on purpose or already present as residual gas, if it
contributes to the easy and rapid startup from frozen state and probiem-free shutdown, then this

class of heat pipe has to be exploited for practical applications.

The objective of the present study is to obtain the comparative performances of an LMHP
in vacuum and gas-filled modes and to verify the smooth and rapid startup of the gas-filled mode
from frozen state. The performance characteristics including the frozen state startup of the near-
vacuum mode and gas-loaded mode of a particular LMHP are presented. Also, it is shown that
gas loading could be predetermined in LMHPs such that the inactive condenser length is kept

very small and no gas reservoir is required.

3.2 THEORETICAL CONSIDERATION ON GAS FILLING LIMITS

The operating temperature of the heat pipe and the gas charge pressure will vary
depending upon the working fluid used. The gas-blocked length of the condenser can be
designed to vary from full length at startup to less than 5% of the full length based on the

working fluid and the initial gas charge pressure.

For a cylindrical heat pipe of uniform vapor core cross szction, the ratio of gas-blocked

length to total pipe length is approximately given in terms of the pressure ratio as in Eq. (18).3*

L . POD (18)
L, PD
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In deriving Eq. (18), it has been assumed that (1) the noncondensible gas behaves as an ideal gas
at the heat pipe operating temperature and pressure; (2) a narrow diffusion region separates the
hot vapor zone and the cold gas zone under steady state; (3) axial conduction along the wall and
wick is neglected; and (4) the gas is compressed to the pressure of the working tluid vapor at the

hot zone temperature.

Figures 13 (a), (b}, and (c) show the graphical results of Eq. (18 for potassium, sodium
and lithium respectively. The fraction of the heat pipe length blocked by NCG is plotted as a
function of temperature for various possible initial gas charge pressures (0.005-100 torr). The
recommended nominal operating temperatures based on the cptimum liquid transport factor for
potassium, sodium and lithium are 800 K, 1000 K and 1300 K, respectively. ‘the operating
temperature range for each fluid is normally 300 K below and 300 K above this nominal
temperature. The initial gas charge pressure range of 0.005-100 torr is chosen based on this
temperature range for each fluid. It is to be noted that a gas-loaded LMHP does not start up until
the vapor pressure of the working fiuid equals or exceeds the value of the initial gas charge
pressure. In Fig. 13, for an initial gas charge pressure of 2.0 torr, the gas-blocked length at the

nominal operating temperature is less than 5% of the total length for all fluids.

33 EXPERIMENTAL WORK

Test Article Description: The experimental LMHP was made of stainless steel matenal

and filled with sodium as the working fluid. The wick structure was of the "double wail artery”
design with only one transport artery groove channel. The evaporator and condenser sections had
identical grooved inner tube and screen wbe wick constructuon. The cross-sectional and
longitudinal sectional views of the heat pipe are shown in Figs. 14 and 15, respectively. The
total length was 2.03 m and the diameter was 2.22 cm. Each of the 24 evaporawor and condenser
grooves was (.79 mm wide and 1.4 mm deep while the single adiabatic groove was 2.38 mm
square. The evaporator, uansport and condenser lengths were 33 cm, 79 crao and 91 cm,
respectively, and the effective length was 1,388 m. The centrai line axis along the groove bottom

in the transport section was collinear with the corresponding evaporater and condenser grooves
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Figure 14. Cross-Section View of the Liquid Metal DWAHP
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Longitudinal Section View of the Liquid Metal DWAHP.
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in alignment. The 12.5-cm-long, 1.89-cm-dia, 40x40 cm’, 75.25% porous reservoir wick was
in capillary contact with the 40x40 cm’, 62.9% porous evaporator screen wick. The pipe was
loaded with 92.04 g of pure sodium calculated for optimum fill at 1000 operation. A bellows-
type high temperature all metal valve rated good for 649°C at 1700 kPa enabled the processing
of sodium or inert gas to or from the pipe. A comprehensive description of the design and

processing details can be found in the technical report (Ref. 31).

Test Setup: The LMHP was instrumented with electrical resistance heaters for the
evaporator and trace heating and chromel-alumel thermocouples for external wall temperature
measurement. The main heater was made of pyrolytic graphite sirips coated (CVD) on borun
nitride substrate and covered with the same material. This thin walled custom designed tubular
heater was capable of operation up to 2000°C in vacuum. The heater assembly and
constructional drawings are provided in Appendix B along with the manufacturer’s specifications.
The heater was radiatively coupled to the heat pipe in order to reduce the evaporator thermal
mass. High temperature ceramic insulator and multiple layers of polished stainless-steel radiation
shields provided heat insulation to the heat pipe which was mounted concentrically within a 20-
cm-dia, 230-cm-long vacuum chamber. Cooling water circulating in coils wrapped arcund the
chamber provided the heat sink and calorimeter for the test. The chamber was pumped down 10
10" torr or better for eliminating convective losses and corrosion of 1+ .MHP. The frame
holding the chamber was mounted on a fulcrum support 1o enable iilting of the heat pipe for

force priming in case of a dryout.

A plumbing arrangement as shown in the schematic of Fig. 16 was used whenever the
gas pressure inside the heat pipe was to be measured or changed. The vacuum system was
capable of 10*® torr holding-vacuum and the argon/nitrogen pressure gauge could measure

absolute pressure in ).5% increments up to 999 torr.

The heater section was insulated with a combination of zircar high temperature ceramic
insulation and stainless steel multilayer radiation shields. Zircar provided « beuer shielding than

the stainless steel shield. A possible disadvantage was the release of trapped moisture during
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high temperature and vacuum conditions. It has been reported in the high temperature heat pipe
test research litterature that the moisture so released could dissociate and let hydrogen into the
heat pipe. Figure 17 shows the radiation shield and thermocouple locations. Appendix C gives
the manufacturer’s specifications of zircar cylinders. Redundant overtemperature protection was
provided to safeguard the heat pipe evaporator from burning out in case of wick dryout or
erroneous behavior of the heat pipe. This was accomplished by incorporating control
thermocouples in the evaporator arca and interconnecting them with analog and digital type relay

cutouts to switch off power input to the heater. Figure 18 shows the circuit diagram.

Test Procedure: At the beginning of the present round of tests, the LMHP was
reprocessed to make up for the sodium lost (about 25% of the inventory) during an earlier gas
venting operation in hot condition (500°C). As the refilling process was done under high vacuum
conditions, the pipe was considered to be in vacuum mode. Transient and steady-state tests were
conducted in this mode in horizontal position with the adiabatic arterv at the 3 o'clock
orientation. Startup tests from frozen state were usually started in the beginning of the day when
the pipe had cooled down to room temperature. In a typical test run, a desired constant power
input was applied to the evaporator in one step, and the temperatures along the length of the pipe
were recorded at intervals of 1 minute for nearly 3 hours. High temperature alarm iimits were
set on the heater and evaporator thermocouples to cut off the heater and evaporator
thermocouples to cut off the heater power. Transient tests were usually followed by sicady-state
tests. The condenser shutters were locked in fully closed position. This arrangement prevented
the condenser from quenching and at the same time allowing sufficient radiation to pass through.
At steady state, power input, axial temperatures, cooling water inlet and outlet temperatures and

flow rate were recorded.

After vacuum mode tests, the LMHP was filled with 2.0 torr of argon using the rig

shown in Fig. 16. Then the functional tests were repeated in the gas-filled mode in the same

manner described above.
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34 RESULTS AND DISCUSSIONS

The accuracies of temperature, power and flow measurements were reasonable and the
repeatability of test results were good. The cutput power measured through the .« .rimetric data
was within 5% of the electric power input measured. Mostly, the vacuum and gas-filled mode
startup test results of the reprocessed pipe are compared and discussed here. In addition, the
transport capacity and inactive condenser length data for all the tests done so far on this LMHP

are presented.

3.4.1 Transport Capacity

The experimental transport capacity data are plotted along with the theoreticaliy predicted
sonic and capillary limit curves in Fig. 19. The experimental points correspond to the average
hot zone temperature T,; and the condenser radiated power, Q,. It may be noted that with the
new graphite heater, the LMHP could be run at 1000 K transporting nearly 1000 W. Thec new
data points lie away from the sonic and capillary limit curves due to the closed shutter condition
which made the nipe run at higher temperatures than otherwise. The average operating
temperature of the hot zone could have been reduced by opening the condenser shutter. The
shutter opening mechanism was broken during these tests. The pipe was not operated near the
designed maximum transport limit of 1800 W for safety reasons. The Leater was running at
1250°C when the average hot zone was near 800°C. As the temperature of the pipe went up, it
became riskier to run the test; more thermocouples broke and the heater got closer to meltdown.

Hence, a 1000 K operating temperature limit was set and followed.
The maximum transport capacity attained in both vacuum and gas modes were the same.

At low transport rates (<500 W), the pipe operated at lower temperatures (about 50-100 degrees

lower) in vacuum mode compared to the gas mode for identical test conditions.
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3.4.2 Inactive Condenser Length

Figure 20 shows the inactive condenser length as a function of the operating temperature
for various test conditions. From the figure, :n vacuum mode tests, there is no inactive condenser
with sufficient power input to the pipe. At low power levels, only a fraction of the condenser
is needed to dissipate the heat load and hence these points do not represent gas siugged length.
In the case of gas-loaded mode, all the data points above 935 K show 18 cm of gas-blocked
condenser. The 2.0-torr gas mode experimental data lie along the 510-turr theoretical curves.
The reason for the lateral shift is attributed to the heating of the inactive condenser (gas-blocked
length) by the reradiation from the closed condenscr shutters. This experimental setting happens
to be in violation of the assumption that the cold zone is at the sink temperature as described in
Eq. (18). If a correction is applied tc offset the reheating effects on the gas, the 2.0 torr gas data
will match with the theoretical curve. The axial temperature profiles of the gas mod : explained

in the next section also should be referred to understand this better.

3.43 Axial Temperature Profile

The steady-siate axial temperature profiles of the LMHP for vacuum and gas modes are
given in Figs. 21 and 22, respectively. The test conditions are indicated therein. The
thermocouples 1 and 2 were damaged. In both modes, the profiles corresponding to input power
range of 600-1600 W are plotted. The condenser power output as measured in the calorimeter
is listed under Q,. The heater temperature varied from 1021 K for the lowest Q, to 1486 K for
the highest Q, while the hot zone operating temperature varied from 800 to 1000 K in both

modes.

As expected, the condenser section profiles are distinctiy different for vacuum and gas
modes while the evaporator and transport profiles are similar. In the vacuum mode, the pipe is

near-isothermal from end-to-end for Q, greater than 800 W. A small drop in condenser-end
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temperature is indicative of the presence of trace amounts of noncondensible gas or excess fluid.
In the gas mode, the gas-blocked section is closely noticeable at all power levels. In normat
circumstances, the condenser-end temperature should be close to the cold sink temperature.
However, here it is seen to increase with the power input. The reason for this behavior is
attributed to the closed condenser shutter which reradiated and heated the condenser end. The
profiles for partially open shutter condition where the end temperatures were near 400 K had
been reported in Ref. 30.

3.44 Temperature Gradient

The average hot zone temperature and the evaporator to adiabatic temperature gradient
for both modes of the LMHP are plotted in Fig. 23. The points in this graph represcit
experimental data while the lines represent intuitive curve fit for the data. Ty for both modes
vary linearly with transported power whereas AT, data vary nonlinearly. For the gas mode, the
range of Ty is narrower than that for the vacuum mode and this is the expected behavior for a
variable conductance heat pipe (VCHP) known for closer temperature control. The ATy,
behavior for the two modes in comparison is in‘eresting to observe. The vacuum mode ATy,
curve is typical of the lean evaporator behavior, characteristic of the double wall wick wherein
the temperature gradient decreases with increase in power. On the other hand, in the gas mode,
the AT, increases with power which means that the evaporator wall superheat is increasing with
temperature. The 'atter behavior is akin to the classical nucleate boiling phenomenon in the
presence of noncondensible gas. The high AT, at higher Q, in the gas mode is symptomatic of
an impending evaporator dryout. The trend of the AT, curve indicates that a gas-loaded pipe
might fail at lower power levels than a conventional pipe. However, ihe influence of the gas on
the cvaporator dryout has to be studied thoroughly before anv (uantitative conclusion can be

reached.
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Figure 23.

Average Hot Zone Temperature and Temperature Gradient.
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3.4.5 Frozen Startup Behavior

Successful Startup: The LMHP was tested under identical test configuration and test
procedure for both vacuum and gas modes. The vacuum mode tests preceded the gas mode. The
startup tests from frozen state were started when the pipe was at room temperature (20°C) by
suddenly applying the desired power to the evaporator heater and maintaining it at the same level
throughout the test duration (about 2 to 3 hours). The transient behavior of the pipe was

monitored by recording the temperature at all the axial locations for every minute.

The results are presented in the form of axial and transient temperature profiles. Tests
were done at 100-W power increments, from 600 W to 1200 W of suddenly applied evaporator

power input. Figures 24 and 25 show the 600 W vacuum mode p'ots in the forms of axial

temperature profile for specified time and transient temperature profile at specified axial location,

respectively. Figures 26 and 27 show the corresponding 600-W gas-filled mode behavior. As

seen from Figs. 24 and 26, in 20 minutes the hot vapor front has propagated to the condenser
region in vacuum mode while the front has crossed only the mid-section of the adiabatic in gas
mode. At 150 minutes, the hot front has moved to 170 cm in vacuum mode while it has moved
to 130 cm in gas mode. It is clear from Fig. 25 that the startup was not smooth in vacuum mode
since T.C. (thermocouples (#3 and #33 (heater)) experienced sudden high temperature spikes at
2000 sec after power-on. This is a temporary crisis of wall superheat at the evaporator end, if
not self-corrected. could lead to evaporator burnout. In contrast, the gas mode startup was

smooth (Fig. 27) since T.C. #3 and #33 did not experience any surge.

Similarly, the results of the frozen startup tests with 700, 800, 900, and 1000 W input
for vacuum and gas modes are presented in Figs. 28 through 43. As in 600 W case, the startup
in the vacuum mode was rough while that in the gas mode was smoeoth for all the cases.
However, a small hump is noticeable in Fig. 43 for T.C. #33 at 900 sec indicating a temporary
crisis. For 1100 W input case (plot not shown), T.C. #3 also showed a 100 K spike which fore-

warned a startup trouble even for the gas-filled mmode.
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Other important information obtained from: the transient temperature profiles is the
comparison of the startup drue for voth modes. The heat pipe is supposzd to have started
successfully if the hot front has crossed T.C. #11 (adiabatic region). As seen from these figures,

the vacuum mode startup tiines are shorter than those for the gas mode

3.4.6 Liquid Startup Behavior

in order to verity the liquid startup behavior, the pipe was unifonnly heated to nearly 200
* 25 °C using both main and trace heaters for about 30 minutes. This was to make sure that
there was .. frozen slug of sodium anywhere inside the pipe and to ensure wick saturation with
liquid. Then the startup test was started (just as the frozen startup) by applying the step power
input (0 the main heater and switching the trace heater off. Figures 44 and 45 show the axial
and transient temperature profiles of the liquid startup for the vacuum mode. Similarly, Figures
16 and <7 show those of gas-filled mode. A power input of 1200 W was chosen as the power
level at which the frozen startups failed. As can be seen in these figures, the startups were

smooth in both the cases as expected.

3.47 Startup Failure

The inpur power was increased to 1200 W after successful startup with 1100 W in gas
mode. But this ume the emperatures of T.C. #3 and #23 kept rising until the alarm limits were
reached. This iest was repeated several times with the same outcome. Hence, it was concluded
that 1100 W was the maximum limit this LMHP could be started from frozen state successfully.

Figure 48 shows the startup fsilure in voih wodes for 120 W input.

348 Transient Input Power and Evaporator Temperatere Variation

There wore ceriain woubts about the stability of the input power during the startup tests.
Due t¢ the resistance vanauon of the heater element with temperature, it was necessary to

manu: v conirol the input power untl the temperature of the heater stabilized. Unfortunately,

&
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5. For the same transport capacity variation of 500-1000 W, the pipe operating

temperature varied 130 K in vacuum mode and 90 K in gas mode.

6. The evaporator to adiabatic temperature difference dropped with increase in
transported power for vacuum mode while it increased for the gas mode. The vacuum mode
characterized the lean evaporator behavior of the double will wick -vhile the gas mode

characterized the nucleate boiling phenomenon in an inert gas environment.

7. The frozen startup tests were smooth and successful in the gas-filled mode up to a
transport of 640 W (Q,) which is 35.5% of the designed transport capacity. For the vacuum
mode, the frozen startups were rough and successful up to the same transport. However, the

LMHP could not be started from frozen state for power inputs 2 1200 W in both modes.
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As a follow-up, the existing 2-m sodium heat pipe should be tested for gas generation
by suitable mass spectroscopic measurements. Hydrogen permeation through the heat pipe wall
during red-hot temperature tests is suspected. This should be quantitatively measured to explain

the loss of vacuum in the heat pipe after a few performance tests.
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APPENDIX - A

Determination of the pressure at the closed end of a long tube when the other end is connected

10 a vacuum pump.

P VALVE TO
cLosED /! [e VACUUM

END < — PUMP

VACUUM
GAUGE

Pressure P, at the closed end is given by the following equation. [Ref. Handbook of High
Vacuum Engineering by H.A. Steinherz, Reinhold Publishing Corp. 1963.]

3 0
2V r

P =g rl(211:r0+-ur2)+ (1+£) (1
s r

where,
¢ = length of tube, cm
r = radius of tube, cm
P, = pressure at closed end, torr
q = outgassing rate, torr. cm’/sec.cm’
vV, = arithmetic mean molecular velocity, cm/sec
s = pumping speed of pump, cm’/sec
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APPENDIX - B
High Temperature Heater Details
Figure B.1  Heater Assembly over the Heat Pipe
Figure B.2  Heater Constructional Details

Figure B.3  Manufacturers’ Specifictions of the Heater

Table B.1 Temperature vs Resistance Values
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TABLE B.1 Temperature vs Resistance Values for the Boralectric Heater

—

Temperature Voltage Current Resistance Remarks

&) (Volt) (Amp) (Ohm)
25 _ _ 55.1 Multimeter
748 109 3.7 295
837 131.9 4.62 28.5 Heat Pipe
944 157.84 5.69 21.7 Test
1041 180.57 6.69 27.0 Circuit
1162 205.55 7.80 26.4
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APPENDIX - C

Zirconia Insulating Cylinders used in the Evaporator Heat Shield




ZIRCONIA INSULATING CYLINDERS

Suggested Applications

« Type ZYC Zircoma Cylinders are used in top and
bottom Iocading resistance heated and induction
furnaces. They are particularly suited for insulation in
hot pressing, crystal growing and annealing furnaces.

« Zircoma Cylinders provide excellent insuiation for
pipes or molten metal transporting and feed tubes.

« Zircoma Cylinders are used as radiation shielding in
vacuum furnaces, repiacing five or six metal shields

without loss of insulation value. In processes where
carbon contamination cannot be tolerated, ZIRCAR
products are used instead of graphite felts and carbon
black as insulation.

Zirconia Cylinders, as well as other ZIRCAR flexible
and rigid insulating products, find use in a variety of
research and development high tempersture ap-
plications.

Sizes Available

Inside Diameter:
Wall Thickness: :
Length: 6. 12" and 20"

Tolerances: - 1/16” 1.D. and O.D.

1" to 12”7 in 1" increments

Non-standard sizes are available by special request.

Wall thicknesses as thin as % '* or as thick as 1%’ can

C3

be made. Larger cylinders may be made in sections
with lap ;oints on special order. All cylinders are
machined on the outside surface with toierances of +
030" possible.

Special_shapes can also be manufactured including
curved boards, or troughs, truncated cones, rec-
tangular sieeves, and oblong tubes.




APPENDIX - D

program gdas
real lb,ncg
dimension t(10),pv(l0),tacl0)
do 30 ifile=il,16
read(ifile,*) gin,gout,pi
read(ifile,*) {(t(1),1=1,10)
do 10 i=1,10
ta(i)=t(1)+273.16
tsg=ta(i)**.5
td=5567.0/ta(1i)
coff=2.29e+11
td=coff/(10.**td)
pvii)=td/tsqg

10 continue

avm]l . 667e~-4

lb=10.3e-2

ru=8.3143
© av -- area of vapor core (m**2)
c 1b -- distance between condenser thermocouples (m)
T rtu -- universal gas constant (J/g mole K)

const=av*lb/ru
sum=0 .0
do 20 j=1,10
pvd=(pv(l)-pv(j))/ta(j)
sum=sum+pvd

20 continue

ncg=sum*const
c ncg -- noncondensible gas in gram moles

caseno=ifile-10

write(3,*) ' case number ’',caseno
write(3,
write(3
write(3
write(3
write(3
write(3
write(3,
write(3,~)

write(3,11) gin,qout,pi

' Qin Qout PI’
gin,gout,pi

*)
P
P *)
0 *)
')
')
*)

11 format(/,3x,’ power input =’ ,£15.5,' watts’,

1 /.,3x,' power output -’ ,£15.5,’' Watts’,

2 /+3x,’' ncg initial pressure =',£15.5,' Torr’,/)

write(3,21) ncg
21 format(/,3x,’ noncondensible gas =’ , el2.6,' g moles’,/
30 continue

stop

end
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