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ABSTRACT 

This report describes the development of a jet pump assisted 

arterial heat pipe. This new concept promises a solution to the prob

lem of starting arterial heat pipes, in particular those using high pres

sure working fluids such as ammonia. The concept utilizes a built-in 

capillary driven jet pump to remove vapor and gas from the artery and 

to prime it. The continuous pumping action also prevents depriming 

during operation of the heat pipe. The concept is applicable to fixed 

-condctanee and gas loaded variable-eonduotance-heat pipes. 

The report presents a theoretical model for the jet pump as

sisted arterial heat pipe. The model was used to design a prototype 

for laboratory demonstration. The 1. 2 m long heat pipe was designed 

to transport 500 watts and to prime at an adverse elevation of up to 

1. 3 cm. The test results were in good agreement with the theoretical 

predictions. The heat pipe carried as much as 540 watts and was able 

to prime up to 1. 9 cm. Introduction of a considerable amount of non

condensible gas had no adverse affect on the priming capability. 
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FOREWORD
 

This report presents the summary of the "Development of 

a Jet Pump Assisted Arterial Heat Pipe. " The concept originated 

at Dynatherm and the development was funded by NASA-Ames Re

search Center under Contract NAS2-9233. NASA's Technical Mon

itor was Dr. Craig Mcoreight, whose continuing interest in this 

work is greatly appreciated. 
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NOMENCLATURE 

Symbol Unit 

A Area 
2In 

C Conductance m4 /sec 

Cv Inverse of lumped vapor resistance m4/sec 

D Diameter In 

K Permeability In2 

L Effective length In 

NI Liquid transport factor of the working fluid W/m 2 

AP 
cap 

Capillary pumping pressure difference between liquid
and vapor 

N/r 2 

APd Vapor pressure loss across venturi N/m 2 

AP Gravity term N/im 2 

AP 1 Viscous pressure loss in the liquid N/m 2 

APnn Useful suction pressure of the venturi N/rm2 

AP Vapor pressure loss across lumped vapor resistance N/m 2 

Q Axial heat flow rate W 

g Acceleration 
2 

m/se0 

1 Length of primed portion of the artery m 

r P Effective pore radius of the wick m 

Volumetric flow rate Liter/mL 

a Heat pipe orientation with respect to gravity deg 

In Venturi efficiency % 

qld Diffuser efficiency % 

V 



NOMENCLATURE (Cont'd) 

Symbol Unit 

qn Nozzle efficiency % 

A 

P 

Latent heat of evaporation 

Density 

J/Kg 

Kg/m 3 

C Surface tension N/m 

F Proportionality constant defined by the ratio: 

1 

2Pv A2 At 1n 

f Normalized parameter defined by the ratio: 

AP-cap 
AP 

cap, O 

Normalized parameter defined by the ratio: 

P! g L sina 

AP 
cap,o 

ly Normalized parameter defined by the ratio: 

C +C 
a w 
C 

w 

£Normalized parameter defined by the ratio: 

AP 
cap, a 

AP* cap, o 
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NOMENCLATURE (Cont'd) 

Subscripts 

a Artery 

abs Absolute 

c 
 Condenser
 

d Diffuser
 

e Evaporator
 

1 Liquid
 

n Nozzle
 

0 Denotes values at "0" g environment 

t Venturi throat 

v Vapor 

w Priming wick or wick 

x Axial coordinate 
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1. INTRODUCTION AND SUMMARY 

This report describes the work performed by Dynatherm Corporation under 

Contract NAS2-9233. The program was initiated on June 3, 1976 and completed on 

May 2, 1977. 

The present contract is a continuation of development initiated on Purchase 

Order Number A12056(MW). The goal of the previous program was to investigate a 

new concept for priming an artery in a heat pipe. This concept utilizes a capillary 

driven jet pump to create the necessary suction to fill the artery. A proof-of-princi

ple experiment was performed which demonstrated that the jet pump had the ability to 

maintain a primed artery even against a substantial adverse gravity gradient. 

Under the present contract, the concept was applied to a working model of 

an ammonia heat pipe. It was designed to transport 500 watts and to prime at adverse 

elevation up to 1. 3 cm. Experiments with the heat pipe demonstrated operation in good 

agreement with predictions. The artery was able to prime reliably even after introduc

ing a considerable amount of noncondensible gas into the heat pipe. The program has 

demonstrated that a jet-assisted arterial heat pipe can be designed to meet specific re

quirements and will function reliably. Using this concept, high axial transport can be 

achieved with an arterial variable conductance gas-controlled heat pipe. In the past, 

it was generally accepted (Ref. 1) that arteries are very difficult to prime or will not 

function at all in ammonia VCHP's. 



2. PRINCIPLE AND THEORY OF JET PUMP ASSISTED PRIMING 

2.1 Qualitative Description 

A schematic of a jet pump assisted arterial heat pipe is shown in Figure 2.1. 

The jet pump assembly consists of a venturi which separates the vapor in the evapora

tor from the vapor in the condenser. A suction line connects the end of the artery to 

an injection port at the throat of the venturi. In a conventional arterial heat pipe, the 

artery is designed to prime through capillary action alone. This requires that the ar

tery has a small diameter (typically 3 mm for an NH 3 heat pipe), that no noncondens

ible gas is present, and that priming occurs before the full load is applied (the load 

could be either thermal or gravitational). 

The capillary driven jet pump provides a more powerful priming mechanism. 

When a thermal load is applied to the heat pipe, the vapor flowing toward the condenser 

has to pass through-the cofiverging-diverging venturi. Acceleration of the vapor in the 

nozzle section causes its pressure to drop below the saturation pressure in the evapo

rator. The lowest pressure occurs at the throat; most of the pressure drop is recov

ered in the diffuser. Since the artery is connected to the throat, it "sees" the same 

reduced pressure which causes it to prime. The achievable suction pressure is a 

function of the throat area and the vapor flow rate. Unlike the conventional arterial 

heat pipe, the priming capability of the jet pump assisted artery increases with higher 

heat loads. The suction pressure also increases as the throat of the venturi becomes 

smaller. However, the pressure loss across the venturi, which must be overcome by 

the capillary pumping of the wick, sets-a practical lower limit for the-throat area. Imr 

addition to being able to prime under load, the jet pump is also unaffected by noncon

densible gas. Finally, the suction pressures are sufficiently large to prime large di

ameter arteries which could not otherwise be primed in a one-g environment. 

The following paragraphs give a more detailed but still qualitative description 

of the priming mechanism. The analytical model is presented in the next section. Since 

the jet pump needs a finite vapor flow to create a suction pressure, the artery must be 

paralleled by a "priming wick". Sometimes the permeability of the screen forming the 

artery suffices for this purpose. Suppose the artery is initially empty but the priming 
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wick is saturated. When heat is first applied, vapor begins to flow, but the viscous 

losses in the priming wick quickly reach the capillary limit. But even a small vapor 

flow creates aifinite suction pressure to cause partial artery priming. The primed 

section of the artery "shorts" the priming wick and increases its effective permeabil

ity. This permits a further increase in power. If the design has been properly chosen, 

the power can be gradually increased until the entire artery is filled without ever ex

ceeding the capillary limit. Beyond that point, the effective permeability of the artery

priming wick combination remains constant. But the heat load can still be increased 

until the capillary limit of the fully primed artery is reached. It is important to note 

that the jet pump assisted arterial heat pipe can operate in a stable manner with a par

tially primed artery. By contrast, a conventional arterial pipe has two stable modes 

of operation. When the artery is fully primed, the available capillary pumping is that 

of the closed artery. When the artery is deprimed (even by a small amount), its pump

ing capability is reduced to that of a capillary equal to the artery diameter. 

2.2 Theory of Capillary Jet Pump 

A mathematical model has been developed which describes the hydrodynamics 

of a jet pump assisted arterial heat pipe. The model uses the following simplifying as

sumptions: 

(1) The vapor flow is laminar, isothermal, and incompressible. 

(2) The viscous pressure drop in the vapor (except for the venturi) 
be lumped into a single resistance. 

can 

(3) The vapor follows the ideal gas law. 

(4) The performance of the jet pump is not affected by vapor, gas, 
liquid pumped from the artery. (This assumption will be later 
tified through test results.) 

or 
jus

(5) Pressure losses in the suction tube are negligible. 

(6) The capillary stress in the condenser is zero (equal liquid and 
por pressure. 

va

(7) All heat inputs and outputs occur at the extreme ends of the heat 
pipe. 
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The usual pressure balance for the heat pipe is: 

APcap = AP1 + APd + APv + APgrav (1) 

where Ap = capillary pumping pressure difference between liquid 
cap and vapor at the evaporator 

APl1 = viscous pressure loss in the liquid 

APd = vapor pressure loss across venturi 

APv = vapor pressure loss across lumped vapor resistance 

APgrav= gravity term 

Figure 2. 2 shows a schematic of the heat pipe with the artery partially primed. 

At any axial location, the liquid pressure in artery and priming wick must be identical: 

Pi, a (X)= P1, w(x) (2) 

In laminar flow, the viscous pressure gradients are related to the heat flow 

rate through an equivalent wick conductance C: 

dp I 
Q (3)dx C 

Thus, the pressure loss in the liquid becomes: 

API a=+C Q+ (L-I)Q (4)+C j 
a w w 

In the last equation, C and Cw are the conductances of artery and wick, respectively.a 

The first term on the right side of (4) represents the pressure drop in the primed sec

tion of the artery and the second term in the unprimed section. 

The pressure drop of the vapor across the venturi can be expressed as follows 

(Ref. 2): 

AP d = (1 -f) FQ2 (5) 
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n1 is the product of nozzle and diffuser efficiencies and F is related to the throat area 

of the venturi: 

F- 2pA 2 A 2 	 (6) 

where Pv= vapor density 

A = 	 latent heat of evaporation 

At = 	 area of the throat of the venturi (assumed to be small 
compared to the vapor area of the heat pipe) 

fl = 	 nozzle efficiencyn 

The viscous pressure drop of the vapor is given by: 

APv-c Q 	 (7)v 

where 	C is the inverse of the lumped vapor resistance.V 

Flnally, the gravity term for a given elevation angle is: 

APgrav = Plg L sina 	 (8) 

Substitution of Equations 4, 5, 7, and 8 into 1 yields the complete pressure 

balance for this heat pipe. This pressure balance has not yet taken into account the 

suction provided by the jet pump. This will be done later in a separate "priming" 

equation. The venturi is included in the pressure balance only through its losses. 

Before making the substitution, it is convenient to define some dimensionless 

parameters. Let APcap, 0be the maximum capillary pressure of the wick and let Qo 

be the maximum heat transfer rate which can be achieved with a fully primed artery 

and in 	the absence of any other but viscous losses in the liquid. Then we get: 

AP1 LQ0 	 (9)
cap, o C +C L 0 a w 



We can also express the capillary pumping and the gravity term as dimensionless 

parameters: 

AP
 
f = cap (Zi) 
 (10) 

cap, o 

Pa g L sin a
 

AP
 
cap, o 

Also 

0 +C 
7 a w (12)

C
 
w
 

Finally, a new nozzle parameter is defined as: 

(18)APa =FQ 

cap,o0 0 0
 

F relates to a new throat area, A0, in the same way as F, relates to the actual throat 

area At (Equation 6). Although A has been introduced only as a mathematical conve

nience, it does have a physical meaning. It is the throat area which would give a suc

tion pressure equal to the capillary limit of the wick if the vapor flow corresponds to 

the previously defined Q0. Because of Equation (6), the following relationship holds: 

(13a)F0 _ o 

Making all these substitutions and neglecting the viscous losses in the vapor yields the 

following normalized pressure balance: 

f- 6+ [(I -)+i] Q + (1-) (A)(Q2 (14) 

In this equation, the terms 6 , y , F) and Ao/A t are design parameters of the heat pipe. 
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6 defines the orientation, 7 the wick, l the venturi efficiency, and Ao/A the ventari 

geometry. The terms f, Q/Q , and i/L are operational parameters. fdefines the 

actual capillary pumping, Q/Q the heat transfer rate, and i/L the percentage fill 

of the artery. The pressure balance Equation (14) states that for a given heat trans

fer rate Q/Q , the capillary pumping and the fill condition of the artery are not unique

ly defined. A second equation is needed to-define the system completely. 

Since the interior of the artery and the throat of the venturi are connected, 

the following condition must also be satisfied: 

P =P (15)v~a v,n 

The pressure of the vapor in the unfilled portion of the artery is constant along the 

length and related to the pressure of the liquid in the filled portion through: 

=
Pv,a Pl,a (I)+APcap,a 

Where Ap is the capillary pumping of the partially filled artery. (For a circular 
cap,a 

artery ADcp ais given by 40/IDa). The liquid pressure is related to the condenser 

pressure through: 

() =
Pl a Pv, - gIsina- 0 +0 lQ (17) 
a +w 

The suction created at the throat of the venturi is the result of acceleration of the vapor 

in the converging nozzle. This-pressure difference is proportional to the square of the 

velocity and can therefore be expressed as (Ref. 2): 

F Q2
Pv,e - Py, n = (18) 

Where F is the proportionality constant defined in Equation (6). Equation (18) can be 

rearranged as follows: 

Q2P '=P - FQ 2 = +A +AP d - F (19) 
v,n v,e v,c v d 
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Substituting the appropriate expressions for AP v and APd In (19) and then entering 

(16), (17), and (19) into (15) gives the following "priming" equation: 

s n apgLsina1 g (+C+ CI w + C)v Q -AP cp - F Q2 = 0 (20) 

This equation can be normalized in the same way as the pressure balance equation to 

yield: 

n( A)(27_q2+ (6+ = 0 (21) 

Where c is defined as: 

AP
 
A cap,a (22)AP
 

capo 

The pressure balance Equation (14) and the priming Equation (21) form the basis for 

determining the operation of the jet pump assisted artery. 

2.3 Interpretation of Performance Equations 

Typical solutions of the pressure balance and the priming equation are shown 

in Figures 2.3 and 2.4. In these figures notice the family of pressure balance curves 

for various values of f (the normalized capillary pumping). Values for f above 1 can

not be achieved, hence only the region to the left of the f = 1 curve represents possible 

states for the heat pipe to operate. 

As the heat transport is increased, the artery begins to prime and the degree 

of priming is specified by the priming curve. Notice that, even at zero load, the artery 

is primed slightly. The amount of priming here is determined by capillary self-priming 

of the open artery against the gravity head. 

For the example in Figure 2.3, the artery slowly primes as the relative heat 

transport increases from zero to. 055. During this time, the capillary pumping require

ment has been increasing up to 0.6 of its maximum value. As the heat transport is in

- 10 
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creased further, the artery continues to prime until the artery is completely filled 

(I/L = 1). However, over this range of heat transport, the capillary pumping require

ment is decreasing because, as the artery fills, the decreased liquid flow resistance 

more than compensates for increases in pressure drops in the jet pump, vapor, and 

elevation head. Hence, when the artery is filled, the capillary pumping requirement 

is less than 40% of capability. As the heat transport is increased further, the artery 

remains fully primed (1/L = 1) and the capillary pumping requirement increases until 

it reaches f = 1 at which point the maximum capillary pumping capability is reached. 

This point defines the maximum heat transport capability of the heat pipe for the spec

ified conditions. 

In Figure 2.4 the artery begins to prime as the heat transport is increased 

from zero. However, in this case, the capillary pumping requirement reaches a val

ue of 1.0 before the artery is fully primed. For this heat pipe, the artery will never 

fully prime at the specified elevation and the relative heat transport capability is lim

ited to .05. Notice that the pressure balance curve for f = 1 crosses the priming curve 

again so that, if this point could be reached, the artery could then be primed and the 

maximum heat transport would then be. 15. This type of operation will be discussed 

in a later section of the report. 

In order for the artery of a given heat pipe design to prime at a given orienta

tion, the pressure balance curve for f 1 and the priming curve must not intersect at 

all or, at most, at one point only. The optimized design occurs if the two curves are 

tangent to each other (just intersect at one point). The pressure balance equation for 

f = 1 and priming equation can be solved simultaneously to determine values for the 

design parameters when the two curves have one point of tangency. The results are 

shown in Figure 2.5 for a NH3 heat pipe with 200 mesh pumping. The heat pipe is 

elevated 1. 3 cm and the jet pump has an efficiency of 60%. The curves specify the 

minimum conductance of the priming wick (normalized with respect to the conductance 

of the artery) as a function of the dimensionless throat area ratio At/A o . 

Figure 2.5 shows that the larger the throat area the larger the priming wick 

must be. Thus, in ordet to minimize the priming wick, a small throat should be used. 

- 13 



o 

0Q 

0.10 

0.08 

0.06 

-

r1 

6 

= 

= 

0.6 

0. 125 (Elevation= 1. 3 cm) 

NH Working Fluid @300 K 

200 Mesh Pumping 

3 mm Artery 

0.04 

00 

0.04

00.1 0.2 0.3 

Normalized Jet Pump Throat Area (At/Ao) 

0.4 

FIGURE 2.5 

MINIMUM PRIMING wIcK REQUIREMENT AS A 

FUNCTION OF JET PUMP THROAT AREA 

- 14 -



But if the throat area becomes too small, the vapor losses in the jet pump restrict 

the maximum heat transfer rate which the pipe can carry even with the artery fully 

primed. 

When expressed in dimensionless form, the maximum heat transfer rate of 

the fully primed artery is independent of the conductance of the priming wick. This 

is seen by setting f = I and 1 = L in the pressure balance Equation (14) which corre

sponds to point A in Figure 2.3. It can then be solved for Q/Q as a function of At/ 

A . The results are given in Figure 2. 6. It shows that Q/Q decreases with smaller 

throat areas. The other curve in Figure 2.6 gives the dimensionless heat flow rate 

for which the artery is first primed (Point-B in Figure 2.3). Either the set of Equa

tions (14) and (21) or Figures 2.5 and 2. 6 can be used to design a jet pump assisted 

arterial heat pipe. A sample design problem is given in the next section. 

2.4 Application of Analytical Model to Design of Heat Pipe 

Suppose a heat transport rate of 1,000 watts is required in a i m long heat 

pipe with an adverse elevation of 1. 3 cm. The fluid shall be ammonia at 300 K and 

200 mesh screen is to be used for artery and priming wick. The jet pump is assumed 

to have an efficiency of 60% and a nozzle efficiency of 90%. 

Table 2. 1 demonstrates how a design is arrived at. As a first try, an artery 

diameter of 3 mm is selected. Similarly, several values of A t/A are selected which 

hopefully span the required heat transport rate. For each value of AtAo, the required 

priming wick conductance ratio is found from Figure 2.5. The conductances andCa 

C are the products of permeability and area foi each wick. For the artery we have:W 

1? 4 
C=-IcD4 (23)a 128 a 

and for the priming wick: 

C = A K (24) 
w w w 

Where A is the wick area and K its permeability. Since the artery diameter is known, 

w w 

- 15 
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A/Ao Cw/Ca Aw Kw (m4 ) Qo (KW) Qmax Qprlme At (m) Dt (ram) 

1 4  60.1 .0145 2.88 x10- 4.13 0.5q 0.19 3.56x10- 2.13 

0.2 .375 7.46 4.22 1.06 0.49 7.26 3.04
 

10-13  
0.25 .550 1.09 x 4.29 1.2Q 0.68 9.25 3.43
 

0.30 .0765 1.52 4.38 1.52 0.92 1.13 x10-5  3.80
 

TABLE 2.1
 

ANALYTICAL DESIGN OF JET PUMVhP ASSISTED HEAT PIPE
 

http:3.56x10-2.13
http:x10-4.13


Aw Kw can be calculated for each case. It is listed in the third column of Table 2. 1. 

Q is determined from the expression: 

Q - (C + C)(5o rL a w (25) 
p 

Where N is the liquid transport factor of the working fluid and L is the effective length 

assumed to be 1.0 m for this case. The achievable Q ma/QO is determined from Fig

ure 2. 6 using the left of the two curves. The required Qmax of 1, 000 watts occurs for 

a value of At/A of 0.2. The heat transfer rate at which the artery is fully primed is 

also obtained from Figure 2. 6 (Right Curve). The throat areaAt is determined by com

bining Equations (6) and (13) along with values of At/A in Table 2.1. Finally, the noz

zle diameter is determined from its area assuming a circular cross section. Examina

tion of the Aw K value for At/A equal to 0.2 leads to the conclusion that a simple, 

homogeneous wick is not practical for this case. For instance, if the homogeneous 

wick were to be made from the same mesh screen as is used for capillary pumping 

(200 mesh, K = 5.5 x 10 - 11 m2), then the required area for the priming wick is 13.5 
2 

cm . This area requirement is greatly reduced if a composite wick is employed. This 

approach was taken in the design of the actual prototype. 
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3.1 

3. BENCH TESTS 

During the previous program, a model of the jet pump was tested using air 

as the medium. The tests established the achievable suction pressures and the pres

sure 	losses in the nozzle and diffuser sections. During the current program, further 

tests were performed using the same jet pump model in order to: 

* 	 Investigate the effect of mass-injection on jet pump performance. 

" 	 Estimate the rate of mass-injection which is required to prime 
the artery. 

o 	 Determine the pressure losses between artery and injection port. 

In addition, a bench test was conducted on the jet pump designed for the arterial heat 

pipe. Results of the above tests are presented in the following subsections. 

Effects of Mass-Injection on Jet Pump Performance 

The performance of the jet pump can be described by two parameters; i. e., 

the attainable suction pressure difference at the throat and the overall pressure loss 

incurred by the driving (motive) fluid. It is convenient to define a jet pump efficiency 

which relates these two parameters: 

APd
n1 = 1 -, p 	 (26) 

n 

Where AP n is defined as P - PI (see Figure 3.1) which represents the useful suction 

pressure and APd is defined as P - P2 which represents the overall pressure loss. 

It can be shown that rl is related to the conventional nozzle and diffuser efficiencies by 

the simple relationship: 

n= 	11 lid (27) 

The efficiency of a jet pump without mass-injection was measured in the pre

vious program to be approximately 63%. This value is in good agreement with litera

- 19 
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ature data for the selected diffuser angle of 5 degrees (Ref. 3). The same basic test 

setup, which was used during the previous program, was now modified to measure the 

effects of mass-injection. This modified setup is shown schematically in Figure 3. 1. 

The injected and the motive fluids were both air. The flow rate of the motive fluid 

was chosen to yield the same APn as ammonia vapor would give at a heat flow rate 

of 750 watts at 300 K. This value was used throughout this test program, and-all in

jection flow rates are referenced to it. The results of the testing are given in Figure 

3.2. It shows that, for relative injection rates of up to 5%, no degradation of efficiency 

is noticeable 

3.2 Required Rate of Mass Injection for Artery Priming 

After establishing the effects of mass-injection on performance, an estimate 

of the required rate had to be made. In order to prime the artery, the jet pump must 

be capable oLfra -thia- x_/nonndeusible gas from the artery within a 

reasonable time. This requires very little mass flow. For example, the total mass 

of NH 3 vapor contained in a typical artery of 3 mm diameter and 1 m length is about 

0. 1% of the mass of vapor flowing to the condenser in one minute at a heat flow rate 

of 750 watts. A second requirement for pumping is much more difficult to evaluate. 

During the priming process or when operating with a partially primed artery, the 

pressure inside the artery is slightly less than that of the surrounding vapor space. 

This condition necessitates a slightly lower temperature in the artery (because of 

saturation). Heat leaks will cause evaporation and will tend to restore equilibrium 

conditions within the artery. Thus, the jet pump must provide enough mass flow to 

offset this restoring mechanism. Rough estimates of the required vapor removal 

rate indicated very small mass flows. But since many assumptions went into these 

estimates, an-elperimehtal verification seemed desirable. Thus, the test setup 

shown in Figure 3.3 was devised. A mock-up of a typical artery was enclosed in a 

glass container which was partially filled with methanol. The artery was paralleled 

by a sight glass, and the necessary plumbing for evacuation of artery and container 

was provided. The pressure drop along a small capillary tube was used to measure 

the flow rate. After establishing equilibrium saturation conditions, the artery was 
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slowly primed by reducing the internal pressure. The Intent was to maintain a partially 

primed state and to measure the rate at which vapor had to be pumped out. Actually, It 

proved difficult-to hold the liquid level completely stable. Instead, data were taken while 

the artery was slowly priming. The required mass flow rate was below the limit of de

tection with the present instrumentation. This limit corresponds to about 0.1% of the 

NH 3 vapor flow rate with a heat input of 750 watts. Since the jet pump efficiency was 

found to be independent of injection up to mass flow ratios of 5%, the effects of mass

injection can be neglected in the design of the jet pump. It may be argued that the re

sults obtained with methanol are not directly applicable to ammonia. But since the re

quired mass flow rate is at least one order of magnitude below the threshold of affect

ing the jet pump's performance, the substitution of easy-to-handle methanol for the high 

pressure ammonia appears justified. 

3.3 Pressure Losses Between Artery and Injection Port 

Whenever there is mass flow between the artery and the jet pump, a pressure 

loss will occur in the connecting tube and in the injection port. Since this port has a 

very small diameter (-0.5 mm), the pressure drop could be substantial and would de

tract seriously from the useful suction pressure difference. Thus, a measurement of 

this pressure loss was performed on the bench model of the jet pump. The results are 

given in Figure 3.4. The pressure loss is expressed in percent of the useful suction 

pressure difference at the reference flow rate. Similarly, the injected flow rate is al

so normalized with respect to the reference flow rate. While the results are strictly 

applicable only to the bench model jet pump, a general conclusion can be drawn. The 

injected mass flow rate should be preferably less than 1% of the main vapor flow rate. 

Otherwise, substantial loss in useful suction could occur. It was this result which led 

to the experimental determination of the required injection flow rate which was described 

previously. 

3.4 Bench Test of Prototype Jet Pump 

After fabrication, the jet pump, which was to be-used in the arterial heat pipe, 

was tested to measure its performance and to compare the results witl the design anal

ysis. A description of the design can be found in Section 4. 
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The jet pump was tested using air as the medium without mass-injection. 

The test setup was the same asshown in Figure 3.1 except that the injection line was 

not included in the present experiment. Results of the test are shown in Figure 3.5. 

The efficiency of the jet pump increases linearly up to a volume flow rate of 4 LPM 

and then the increase is much slower up to the maximum measured flow rate of 8 LPM. 

The jet pump was designed for a maximum heat transport of 500 watts in an ammonia 

heat pipe and to have an efficiency of at least 60%. The corresponding volume flow 

rate of air for the breadboard test, assuming the same nozzle pressure drop for both 

fluids, is 4. 1 LPM at STP. At this flow rate, the measured nozzle pressure drop in 

2Figure 3.5 is 1200 N/m 2 , the pressure loss across the jet pump is 550 N/m , and the 

jet pump efficiency is 54%. Although it does not quite meet the design goal of 60%, the 

efficiency was judged acceptable. Actually, the measured suction pressure of the jet 

pump with air is about 30% higher than was predicted based on the geometrical throat 

area. This discrepancy has been seen before during tests with the previous jet pump 

and can be explained by the ttvena contracta" effect within the throat. 

- 26 



5 

A 

Pabs 

= AP n 

=rAPd 
= 2. 

4 
x 10 4 N/m 2 

W Efficiency 

4 

00co8 

Q3o 
0 

2C) 24 
VlueticFlw_STP 

060 

040 

020 

LP) 

100 

0 

0 

02 

2 4 6 8 

Air Volumetric Flow (LPM) @S. T. P. 

10 

FIGURE-3.'5-

JET PUMP PERFORMANCE 

- 27



4. DESIGN OF JET PUMP ASSISTED ARTERIAL HEAT PIPE 

4.1 Thermal Design 

A self-imposed performance goal for the prototype heat pipe was that It be 

able to prime at an elevation of 1.3 cm and transport 500 watts. The length was 

chosen to be 120 cm and the diameter 2.5 cm. Since conventional arterial heat pipes 

are most difficult to prime with ammonia as working fluid, ammonia was selected for 

the prototype. 

The thermal design was based on the analytical model described in Section 2. 

An artery diameter of 3.0 mm was chosen and the capillary pumping was to be that of 

200 mesh screen. The jet pump was assumed to have an overall efficiency of 60% and 

a nozzle efficiency of 90%. The analysis yielded the following optimum design param

eters: 

Maximum Heat Transport Capability at 560 Watts 
1.3 cm Elevation 

Power at Which Artery Will be Fully Primed 190 Watts 

Throat Diameter of Nozzle 2.13 mmn 

KA Product of Priming Wick 
142.76 x 10 - m4 

This optimum design was defined as the one which requires the smallest KA 

product of the priming wick for the selected performance goals. However, even this 

optimum wick was relatively large. In fact, a homogeneous wick fabricated from 200 

mesh screen would be impractical. Therefore, a composite wick was chosen. The 

wick was composed of 50 and 200 mesh screen with the 50 mesh screen having a cross

sectional area of 38. 0 mm 22 

The thermal design discussed thus far does not include any pressure drops 

associated with bridges or a secondary wick. Since the artery and priming wick had 

to be separated from the tube wall to eliminate possible boiling in those wicks, bridges 

and a secondary wick were required to supply fluid to the inside of the evaporator wall. 

To allow for the pressure drops in these distribution wicks, the maximum heat trans
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port had to be reduced slightly- assuming these wicks also have a capillary pumping 

capability of 200 mesh screen. If the heat transport is reduced from 560 watts to 

500 watts, the axial pressure drop decreases from 636 N/m 2 (pumping capability of 

200 mesh screen) to 530 N/rm2 . Hence, a net pressure drop of 106 N/m 2 is now avail

able for the distribution wicks. A design was chosen which consisted of two layers of 

200 mesh against the evaporator wall and six bridges each composed of six layers of 

200 mesh screen. At a heat transport of 500 watts, this wick design resulted in a liq

uid pressure drop of 68 N/M 2 which was less than the 106 N/m 2 available. Hence, the 

heat pipe was expected to transport slightly more than 500 watts when fully primed. 

4.2 Mechanical Design 

The heat pipe was constructed from stainless steel tubing having an 0. D. of 

2.54 cm and an I. D. of 2.35 cm. The evaporator and condenser lengths were each 20 
cm with the overaIteuhfftba The effective length for heat transport was 

therefore 100 cm. The jet pump housing was located in the adiabatic region 30 cm 

from the evaporator end. This housing was attached to the heat pipe tube using flanges 

and o-ring seals. Figure 4. 1 shows the overall configuration of the jet pump assisted 

arterial heat pipe. 

Details of the jet pump design are listed in Table 4.1. The jet pump housing 

was machined from aluminum. Figure 4.2 shows details of the housing. Beside the 

jet pump, a 9.3 cm diameter hole was placed in the housing to allow the artery and 

priming wick to pass through. A thin stainless steel sleeve was forced in one end of 

the hole so that the wick could-be sealed-at thias-point. The evaporator end of the-ar

tery was sealed to a 1.6 mm diameter stainless tube which was attached to the jet 

pump housing through a swagelok fitting. A small hole in the housing at this point 

connected the tube to the injection port. A valve mechanism was placed in this line 

so that the connection between artery and jet pump could be closed, if desired, for 

a specific test. In Figure 4.2 the valve is shown irL the.open position.. To close the 

valve, the seal plug had to be removed to insert a second plug which closed off the 

injection port. Then the seal plug was reinstalled to prevent leakage of the working 

fluid. 
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TABLE 4.1 

JET PUMP DESIGN 

Nozzle Inlet Diameter .6.35 mm 

Nozzle Convergence Angle . 200 

Throat Diameter . 2.13 mm 

Diffuser Divergence Angle 50 

Diffuser Exit Diameter 6.35 mm 

Injection Port Diameter 0. 61 mm 
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The artery was formed from two wraps of 200 mesh screen having an inside 

diameter of 3 mm. Six layers of 50 mesh screen were then wrapped around the arte

ry to form the priming wick. To provide the desired composite effect, two wraps of 

200 mesh were placed over the 50 mesh and this screen was joined to the 200 mesh 

of the artery at the evaporator end. The artery was left open at the condenser end. 

At the point where the wick passes through the jet pump housing, the outer 200 mesh 

screen was sealed with more 200 mesh screen to the stainless steel sleeve. Figure 

4.3 shows the wick configuration within the heat-pipe. In the condenser region, the 

priming wick was allowed to rest against the side wall of the tube which was first 

lined with one layer of 200 mesh -screen. in the evaporator region, two layers of 

200 mesh screen were placed on the inside wall of the tube. The bridge wicks in the 

evaporator, which were attached to the priming wick by spot welding, supported the 

priming wick away from the tube wall. These bridge wicks consisted of six wraps 

of 200 mesh screen shaped into a tube. Three tubes 20 cm long were attached to the 

priming wick at locations 120 degrees apart as shown in Figure 4.3. Contact between 

the tube bridges and the tube wall was provided by the spring force generated from 

forcing the wick inside the tube. The artery was thus elevated above the wall by 9. 5 

mm in the evaporator. This elevation correction was accounted for in all the test re

sults discussed later. 

4.3 Test Setup 

After assembly, the heat pipe was charged with 38 grams of ammonia. Initial 

testing was performed with the jet pump disconnected from the artery so that the valve 

on the housing was closed before introducing the ammonia charge. Ten chromel-alumel 

thermocouples were attached to the heat pipe by spot welding. A heater wire was wrapped 

around the evaporator region. The evaporator and transport regions were insulated to 

minimize parasitic heat leaks. The condenser region was placed in a water bath so that 

the vapor during operation could be maintained at 300 K. Figure 4.4 is -a schematic of 

the test setup. An adjustable support at the evaporator end was used to maintain the 

heat pipe orientation during a specific test. A valve was left on the fill tube so that the 

charge could be adjusted and helium introduced during later testing. 
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5. TEST RESULTS WITH JET PUMP ASSISTED HEAT PIPE 

The 	arterial heat pipe was tested in three different modes: 

(1) 	 With the jet pump inactive 

(2) 	 As a jet pump assisted arterial heat pipe with pure working fluid 

(3) 	 As a jet pump assisted arterial heat pipe with noncondensible gas 
in the system 

The results of the three tests are presented in detail in the following subsections. 

5.1 Inactive Jet Pump 

The first test mode was accomplished by closing the injection valve located at 

the injection port of the jet pump. Hence, the artery was completely denied of the ben

efit from the jet pump. For tests at each elevation, the artery was initially deprimed 

by raising the evaporator end more than 10 cm above the condenser, then bringing it 

back to 2.5 cm elevation to allow the coarse screen of the priming wick to fill before 

setting the heat pipe to the desired test elevation. This deprining procedure of the 

wick was adopted during all tests including those where the jet pump was activated. 

Likewise, during all tests the vapor temperature was maintained at 300 K. The re

sults of the test with the closed injection port are shown in Figure 5. 1 which shows 

a slightly better performance than predicted, at least at low elevations. This indi

cates that the artery was filling better than predicted, probably because the effective 

pumping radius was smaller than the design value. The predicted curve rises sharply 

at low elevations because of the contribution of the open artery. 

5.2 Jet Pump Assisted Arterial Heat Pipe 

The purpose of the second test was to demonstrate the transport capability of 

the jet pump assisted arterial heat pipe. The injection port was opened-and the heat 

pipe was recharged with pure ammonia. Results were obtained for two different prim

ing conditions: 
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(1) Without pre-priming the artery 

(2) With pre-priming the artery 

5.2.1 Without Pre-Priming the Artery 

The heat pipe was set at a certain test elevation after going through the de

priming procedure discussed in Section 5.1. The heat input was gradually increased 

until a burnout was reached at each elevation. The test results are compared to pre

dicted performance in Figure 5.2. Notice the very abrupt drop in heat transport capa

bility at elevations above 2.0 cm. The heat pipe had been designed to provide priming 

of the artery at elevations of 1. 3 cm and lower. From the data, it appears that the 

artery was actually capable of priming at elevations up to 2. 0 cm. The portion of the 

analytical curve, which applies to tests without pre-priming the artery, follows the 

path ABCEF in Figure 5.2. The region below ABC is representative of the unprimed 

artery. Since the effect of the jet pump on priming the artery is negligible in this re

gion, this curve corresponds very closely to the analytical curve for the case with the 

artery plugged (Figure 5. 1). The curve is discontinuous from C to E along the dotted 

line. The region from E to F corresponds to the transport capability of the fully primed 

artery. An explanation for the remainder of the analytical curve shown in Figure 5.2 

will be given later. 

An interesting aspect of the results at elevations of 1. 9 cm and lower-was the 

recovery of the heat pipe after reaching burnout. The pipe could be recovered by low

ering the power input by about 50%. This was unexpected since the jet pump should be

come ineffective once the artery dries out. In order to investigate the type of failure 

during burnout, a separate test was conducted. The heat pipe was operated at a con

stant heat input of 320 watts and 1. 3 cm elevation (at this condition the artery is fully 

primed). Once the heat pipe reached a stable condition, burnout was induced by rais-

Ing the evaporator 15 cm and then quickly lowering the heat pipe back to 1. 3cm eleva

tion as soon as burnout occurred. This procedure forced the artery to deprime. After 

lowering the pipe to 1. 3 cm elevation, the heat pipe did not recover. From this test 

result, it was concluded that the burnouts observed at elevations below 2.0 cm did not 

result in depriming of the artery. Instead, the burnout (condition where maximum 
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capillary pumping capability is exceeded) probably occurred in the secondary wick at 

the evaporator wall or in the bridge wicks connecting the axial wick with the secondary 

wick. 

5.2.2 With Pre-Primed Artery 

The range of heat transports and elevations, which is bounded in Figures 5.2 

by sections CD, DE, and EC of the theoretical performance curve, cannot be reached 

without pre-priming the artery. Pre-priming can be achieved, for instance, in the 

following manner: The heat pipe is at first operated at an elevation of less than 2. 0 

cm and then the heat input is increased to, for example, 400 watts (at which point the 

artery is fully primed but not at its limit). The elevation can then be increased while 

holding the heat input constant. This corresponds to moving horizontally to the right 

in Figure 5.2. The elevation can be increased until reaching the limit corresponding 

to the analytical curve. This procedure was followed and the results are shown in Fig

ure 5.3. The results definitely demonstrate that stable operation exists for conditions 

which cannot be reached except by pre-priming the artery. However, the maximum 

heat transport capability does not agree well with the analytical curves. More exper

imental results are needed to better understand this mode of operation. 

The explanation for the shape of the analytical curve can best be understood 

using the diagrams of Figure 5.4. The five diagrams shown in the figure present the 

pressure balance and priming curves for various elevations (see Section 2). Only the 

pressure curve for f = 1 (maximum capillary pumping) is shown. However, it should 

be remembered that similar pressure balance curves exist for values of f <1 and they 

all lie to the left of the curve f = 1. 

Looking at the first diagram for an elevation of 0.5 cm, it is seen that the 

artery can prime by following the priming curve to 1 = L. But the heat pipe can trans

port more power by then moving horizontally to the point where .the pressure balance 

curve crosses 1 = L. This maximum heat transport, Q , corresponds to a point on 

the analytical curve of Figure 5. 2 between E and F. It can be reached by simply in

creasing the power from zero to Qm" 
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In the second diagram of Figure 5.4, at an elevation of 1.4 cm, the heat pipe 

again can prime by following the priming curve to 1= L. At the point-where the two 

curves just touch, the heat transport, QU' corresponds to point C in Figure 5.2. Again 

after priming, the heat transport can be further increased to Q which corresponds to 

position E in Figure 5.2. 

In the third diagram of Figure 5.4, the heat pipe cannot prime by simply in

creasing the power. The heat transport can only be increased to Qu (corresponding to 

a point on the curve BC in Figure 5.2) at which point the maximum pressure balance is 

achieved. However, other conditions are valid if they can be reached. Heat transport 

from Q to QI does not violate the priming or pressure balance relationships. Point 

corresponds to a point between C and D in Figure 5.2, and Q corresponds to a 

point between D and E of the same figure. These test conditions are those described 

in this section where the artery must be first pre-primed at a low elevation before 

moving into conditions of higher elevation. 

The fourth diagram in Figure 5.4 is similar to the third one. The heat trans

port, QU corresponds to the point B in Figure 5. 2. The heat transport, Q , must be 

reached by pre-priming the artery at lower elevation; and, since both the priming and 

pressure balance curves intersect at 1 = L, this point, Q , corresponds to D in Fig

ure 5.2. 

The last diagram in Figure 5.4 corresponds to elevations which are so high 

that only heat transports less than Qu (corresponding to points on curve AB of Figure 

5.2) can exist. Above Q the priming curve always represents a larger heat trans

port than the pressure balance curve including values for 1 = L, thus they cannot exist. 

5.3 Jet Pump Assisted Arterial Heat Pipe with Noncondensible Gas 

To demonstrate the feasibility of operating the jet pump assisted arterial 

heat pipe in the presence of noncondensible gas, 4.63 x 10 - 3 moles of helium were 

introduced into the heat pipe. This gas charge was sufficient to block about 25% of 

the-condenser at 300 K. The heat pipe was tested in the manner described in Section 

5.2.1, i.e., without pre-priming. The results are shown in Figure 5.5. The same 
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abrupt drop in heat transport capability occurs at elevations above 2 cm. But the heat 

transport capability at elevations below 2 cm is not as high as was measured without 

the noncondensible gas. Similar observations have been made in the past with tests of 

variable conductance heat pipes (Ref. 4). Tests before introducing the noncondensible 

gas show greater heat transport capability than with the gas'present. The onset of boil

ins is well known to be affected by the presence of gas (Ref. .5) which may be the reason 

for the lower transport in the presence of gas observed in this heat pipe. Unfortunately, 

very little effort could be spent on measuring the performance with noncondensible gas 

present. This is one of the areas where additional work is needed. 
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6. CONCLUSIONS AND RECOMMENDATIONS 

An analytical model of a jet pump assisted arterial heat pipe has been pre

sented. Based on this model, a heat pipe incorporating a jet pump was designed 

which would prime at an adverse elevation of 1.3 cm and, when primed, would trans

port 500 watts. This heat pipe was manufactured and tested to meet these require

ments. In fact, the heat pipe was capable of priming at elevations up to 1.9 cm and 

transported slightly over 500 watts. To verify that this capability was due to the jet 

pump, tests were conducted with the jet pump disconnected from the artery. In this 

-ease, the -heat-pipewas-capable of transporting only about 100 watts which agrees 

well with predictions. Tests were also conducted to demonstrate the reliability for 

priming the artery in the presence of large quantities of noncondensible gas. Again 

the artery primed reliably. 

The goals of this development have been conclusively demonstrated. When 

operated at elevations less than 1.9 cm, the heat pipe functioned as though it con

tained a homogeneous wick but with the transport capability of an arterial wick. This 

indicates that no special priming procedure is required for start-up or for recovery 

from a burnout. It is recommended that further testing be done with the heat pipe to 

better understand -the operating modes of the system both with and without the pre

sence of noncondensible gas. Then an experiment incorporating the jet pump in an 

NH 3 arterial VCHP is a logical next step toward the development of the system for 

flight applications. 

Ithas been proposed that the artery can also be primed "inertially"; i. e., 

by providing sufficient fluid inventory in the evaporator to achieve priming quickly 

and without having to rely on liquid flow through the priming wick. The advantage 

of this technique is that the conductance of the priming wick can be reduced signifi

cantly so that a homogeneous wick can be used. However, this design will result 

in new operating characteristics which will probably be more restrictive than those 

found for the present design. The fabrication and testing of a heat pipe using this 

priming concept is also a desirable task for further development. 
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