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Abstract 

An experimental investigation was performed to determine the effect of tran- 

sient body forces on the performance of an ammonia/aluminum axial groove heat 

pipe. The effects of increased body forces on the dryout and rewet performance 

were simulated by tilting the heat pipe to different inclination angles. Theoretical 

calculations predicted the dryout length varied with different final inclination angles. 

The steady state experimental work was performed by tilting the heat pipe from 0 

degrees to different final inclination angles for a long period of time until totally 

dryout occurred. Then, from the plot of the changing temperature at each loca- 

tion along the heat pipe, the dryout length could be predicted. Under steady state 

condition, the percent error between the experimental and theoretical data differed 

by as low as 50 %. The transient experimental work was performed by tilting the 

heat pipe from different initial inclination angles to different final inclination angles 

under three duration conditions. The time for the heat pipe to dryout, rewet, and 

return to the initial condition was observed as a function of the initial inclination 

angles, the final inclination angles, and duration of the heat pipe at the final angle. 

The results revealed that the larger body force (or the larger final inclination angle) 

increased the dryout length, and increased the time to return to its initial condition. 

The duration of the adverse angle had less of an effect on the time to rewet. But the 

initial inclination angle has a strong effect on the time to rewet. When the initial 

inclination angle was 0 degrees, it took around 3 to 6 seconds to rewet. When the 

initial inclination angle became 1 degrees, it took around 8 to 12 seconds to rewet. 

When the initial inclination angle was 1.25 degrees, it took around 15 to 17 seconds 

to rewet. 

J 



Effect of Transient Body Force on the Performance 

of an Axial Grooved Heat Pipe 

/.   Introduction 

1.1 Thesis Statement 

Body forces will influence the liquid in a heat pipe wick. Wick dryout will be 

quicker for larger adverse body forces and longer duration body forces will result in 

longer times for rewet. 

1.2 History 

The principle of the heat pipe was conceived in 1944 by Gaugler. However, 

it was not widely publicized until 1964 when Grover and his colleagues at the Los 

Alamos Scientific Laboratory independently reinvented the concept, named it the 

heat pipe, and developed its application ([2]). Over the past three decades, the 

heat pipe has been developed into a highly effective and reliable heat transmission 

device. For examples, it has been used in such diverse applications as nuclear reactor 

cooling, road/runway/bridge de-icing, electronic component cooling, aircraft leading 

edge cooling, and spacecraft thermal control ([3],[2]). 

1.3 Background 

Though, nowadays, heat pipes have been widely used, and lots of papers have 

been written, more can be learned. Hence, a brief discussion of heat pipe operating 

principles will be useful as background for this thesis. 

The conventional form of the heat pipe is a closed tube or chamber of different 

shapes whose inner surfaces are lined with a porous capillary wick.   The wick is 
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saturated with the liquid phase of a working fluid and the remaining space contains 

the vapor phase ([2]). 

In operation, as shown in Fig. 1.1, heat is applied to one end of the heat pipe, 

Uli 
-W ick 

Vapor 
F lo w 

^gx~;  ** 
^p 

1 A A4 

H eat Input 

E vaporator 
Section 

?▼▼▼ 
Heat Output 

Condenser m 

S ection 

Figure 1.1    Components and Operation of a Conventional Heat Pipe 

called the evaporator section, and removed from the other end of the heat pipe, 

the condenser section. Within the evaporator section, heat applied by an external 

source causes liquid to evaporate from the wick, resulting in a pressure difference 

which drives the vapor to the condenser section. This vapor then condenses on the 

cooler surface of the condenser, releasing the latent heat of vaporization to a heat 

sink. Depletion of liquid by evaporation causes the liquid-vapor interface in the 

evaporator to enter into the wick surface where a capillary pressure is developed. 

This capillary pressure pumps the condensed liquid through the wick back to the 

evaporator for re-evaporation. So, the heat pipe can continuously transfer the latent 

heat of vaporization from the evaporator section to the condenser section. 

Under certain conditions, there are some heat transport limits within the heat 

pipe. The capillary limit is reached when the maximum capillary pressure is lower 

than the sum of the liquid and vapor pressures drops within the wick.   The sonic 
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occurs when vapor leaves the evaporator at sonic speed and the flow becomes choked. 

The entrainment limit occurs when the flow actually tears liquid from the surface of 

the liquid-vapor interfaces and decreases the amount of working fluid which reaches 

the evaporator. And lastly, the boiling limit is reached when heat flux, added to the 

evaporator and flowing through the wall and wick, exceeds a certain critical value, 

causing the liquid in the wick to boil. Among these limits, the capillary limit is most 

important to this research. When the capillary limit is exceeded, the wick of the 

heat pipe dries out, ( appropriately termed 'dryout'), and the working fluid can no 

longer be pumped to the evaporator section, halting the heat transfer cycle. 

As a result of its capability of transporting heat over a long distance without 

any need for external power to circulate the heat transfer fluid, the heat pipe has 

been widely used in both fields of spacecraft and aircraft. Of more significance to 

the Air Force is the proposed use of heat pipes to reduce peak temperature and large 

thermal gradients at leading edges of the wing and engine nacelles of hypersonic 

aircraft such as the National Aerospace Plane. 

Now the heat pipe has been widely used, and several papers relating to the 

effect of body forces on heat pipe performance have been found which are useful 

in understanding previous research in this area ([5], [6], [7], [8], [9], [10], [11], [12]). 

The bulk of knowledge on body force effects can be divided into that dealing with 

steady-state body forces ( constant accelerations or vibrations ) and that dealing with 

transient body force. To date, based on the experimental work reference, there is 

sufficient evidence to show that body forces do influence the liquid flow in a capillary 

structure. These body forces act on the liquid and move it in a manner that can 

cause a dryout condition. These same body forces can effect a rewet of the dried-out 

region as well. 
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1.4    Purpose and Scope 

The purpose of the current experimental study was to provide a reference 

regarding the effects of dryout and rewet on heat pipe performance. Included in 

this study was an investigation of the effects of dryout length and rewetting time 

under different inclination angles (including steady-state and transient conditions) 

on an ammonia/axial groove wick heat pipe, simulating this heat pipe being used 

in an accelerating aerospace vehicle. To accomplish this, the heat pipe was set at 

initial angles of 0, 1 and 1.25 degree, and final angles of 1.75, 2, 3, and 4 degree. 

For the sake of getting a higher heat transfer rate on the heat pipe, a fan, always 

set at high speed position, was used during the whole experiment. The results of 

steady-state experiments will be used to compare the heat pipe performance with 

the theoretical results which were run by the computer code written in FORTRAN 

77. This research was the first to actually evaluate the effects of dryout and rewet 

in an axial groove wick heat pipe in a transient body force environment. 
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77.   Theoretical Investigations 

In this chapter, the performance of the tested heat pipe will be briefly discussed. 

Most of the pages will be used to discuss the theory of the capillary limit and to 

determine some useful equations. These equations will be used to get theoretical 

data for use in later comparison. 

2.1    Heat Pipe Geometry 

The heat pipe used for this experiment was supplied by Dynatherm Corpo- 

ration. It was an axial-groove wick heat pipe of extruded aluminum and was filled 

with 8.6 grams of anhydrous ammonia as a working fluid. Fig. 2.1 shows the tested 

heat pipe in cross section while Table 2.1 points out critical heat pipe dimensions. 

The profile of the tested heat pipe is shown in Fig. 2.2, including the dimensions for 

evaporator and condenser section. 

Figure 2.1    Heat Pipe Cross-Sectional Drawing 
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Table 2.1    Heat Pipe Cross-Sectional Parameters 

Land Thickness (Bottom) ti 0.020 in 0.508 mm 
Groove Opening (Top) W 0.025 in 0.635 mm 
Groove Opening (Bottom) wb 0.048 in 1.219 mm 
Groove Depth 8 0.055 in 1.397 mm 
Groove Angle a 13.9° 0.2426 rad 
Number of Grooves n 17 17 

i 
&~)   "2   n*Y\ 

^^^^^^%^m^Mm^^^m^^^^^MYX^i^l^^^i^^W^^X^M% 

^                                     Evaporator                           *■ 
47.3 cm 

^— Condenser -► 
15 cm 

Figure 2.2    Heat Pipe Profile View 

2.2    Heat Transport Limits 

The operation of heat pipes is constrained by four operating heat transport 

limits. They are the sonic limit, the entrainment limit, the capillary limit and the 

boiling limit. The heat transport limits are functions of the heat pipe geometry, 

the working fluid properties, and the heat pipe operational environment. The last 

category includes heat pipe inclinations, heat pipe section lengths, and other external 

influences. 

For this thesis, the capillary limit was most the important due to the influence 

of gravity on the liquid in the wick. The complete explanation and derivation for 

the capillary limit will be given later. Fig. 2.3 is a plot of the theoretical capillary 

limit of the tested heat pipe. 
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Figure 2.3    The Theoretical Capillary Limit of The Tested Heat Pipe 

An examination of Fig. 2.3 reveals that the steeper the tilted angle, the smaller 

the capillary limit, Qcm(it is defined as the heat transfer rate, Q, reaches a critical 

value as soon as the heat pipe begins to dryout.). This means that larger adverse 

body forces cause the wick to dryout at lower power levels. 

2.3    The Pressure Balance Within a Heat Pipe 

Though a heat pipe is mechanically simple, its inner functions are quite com- 

plex. Basically, the heat pipe depends upon a pressure balance to maintain its heat 

transport cycle. This section will briefly cover the basic heat pipe pressure balance. 

More details can be found in references ( [2] ) and ( [4] ). 
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Figure 2.4    Circulation of Working Fluid Within a Heat Pipe 

During steady state operation of a heat pipe as shown in Fig. 2.4, the work- 

ing fluid in the vapor phase flows continuously from the evaporator section to the 

condenser, and it returns to the evaporator in the liquid phase. There exists a va- 

por pressure gradient along the vapor flow passage when the vapor flows from the 

evaporator to the condenser. There also exists a liquid pressure gradient as the con- 

densed liquid flows back from the condenser to the evaporator ( [2]: 33 ). Since the 

heat pipe is a sealed system, these two pressures must be balanced. This balance 

requires that along the length of the heat pipe the pressure at the liquid side of the 

liquid-vapor interface must be different from the pressure at the vapor side of the 

interface, except in the condenser, where the pressure difference is minimum, and 

equals to zero ([2]: 33 ). This pressure difference at the liquid-vapor interface is set 

up by the meniscus that forms at the liquid-vapor interface. Since molecules in a 

liquid attract each other, the molecules at the liquid-vapor interface experience a 
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force inward, forcing the liquid to take up a concave shape having minimum area 

([4] :20 ). Surface tension is defined as the work required per unit area to increase 

the surface area of a fluid. A direct effect of surface tension is that the pressure 

on a concave surface is less than that on a convex surface, resulting in a pressure 

difference, or capillary pressure, at the interface. The pressure balance inside of a 

heat pipe can be described ( [2] ) as 

[il(xrB/)-P„(ar)] + [i'i;(x)-fl(:r)] + [fl(x)-fl(a!re/)] + [^(xre/)-Pt((arre/)] = 0 (2.1) 

The previously mentioned capillary pressure, Pc, is defined as the vapor pres- 

sure, Pv, minus the liquid pressure, P, or mathematically ( [2] :33 ), as 

Pe(x) = Pc{Xref) + APV{X - Xref) + AP,(xre/ - x) (2.2) 

where 

Pc(x)   = capillary pressure at position x 

= Pv(x)-Pi(x){N/m2) 

Pc(xref)   = capillary pressure at reference position xrej 

= Pv{xreI) - P(xre/)(iV/m2) 

APv(x — xref)   = vapor pressure drop between x and xrej 

= Pv{x) - Pv(xref)(N/m2) 

APi(xref — x)   = liquid pressure drop between xref and x 

.      = Piixr^-Pix^N/m2) 

2-5 



The reference position, xref, is usually chosen to be at xmin, where Pc is equal 

to zero, so Eq. (2.2) reduces to 

Pc(x) = APv(x - xmm) + APi(xmin - x) (2.3) 

2.4    Capillary Pressure in Axial Groove Wicks 

The capillary pressure can also be expressed in terms of the meniscus of the 

liquid-vapor interface within the wick just as it can be expressed in terms of the 

pressure balance within the heat pipe, a direct effect of the working fluid's surface 

tension and the molecular attraction between its molecules. 

When a meniscus is developed at the liquid-vapor interface, the Laplace-Young 

Equation Q2]:34) can be used to calculate the capillary pressure, (Pv - P/), as 

Pc(x) = a(-^—+-^—) (2.4) 
Ri(x)     R2{x) 

where Ri and R2, as shown in Fig.  2.5, are the principal radii of curvature of the 

meniscus and a is the surface tension of the liquid in N/m. 

For an axial groove, we can determine the capillary radius in a straightforward 

manner. One of the radii of curvature,(corresponding to the lengthwise meniscus), 

is infinity, and the other, (spanning the width of the groove), is equal to half of the 

groove width, ranging from infinity to half of the groove width depending on the 

amount of fluid in the groove ([2]:36). So the maximum capillary pressure is 

Pern = — (2-5) 
7V 

where rc is the effective capillary radius. 
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Figure 2.5    Meniscus Geometry at the Liquid-Vapor Interface 

2.5    The Capillary Limit 

The capillary limit occurs when liquid in the wick is evaporating more rapidly 

than capillary forces can replenish the liquid. This condition results in local wick 

dryout and increases wall temperatures ([1]:36). Hence,for continuing operation, the 

maximum capillary pressure, Pcm, must satisfy the relationship, 

Pern > AP, + APV (2-6) 

where APi is the liquid pressure drop experienced by the working fluid in returning 

from the condenser to the evaporator and APV is the vapor pressure drop causing 

the vapor to flow from the evaporator to the condenser. If Eq. 2.6 is not satisfied, 
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then the wick will dryout in the evaporator section and the heat transport cycle will 

stop. At the maximum operating condition the capillary limit can be expressed by 

Pcm = AP, + APV (2.7) 

Referring back to Fig. 2.4, the liquid pressure drop in a wick can be obtained 

by integrating the liquid pressure gradient ([2]:38): 

rx    dPi 
Pi(xmin) - Pi(x) = - /      -j+dx (2.8) 

For steady state, the liquid pressure gradient in the direction of liquid flow is related 

to the frictional drag and gravitational force by the equation ([2]:38): 

^p- = -FlQ±Plgsin^ (2.9) 
ax 

where Q is the local axial heat transfer rate in Watts, ?/> is the angle of inclination 

of the heat pipe measured from the horizontal direction and F/ is the frictional 

coefficient for the liquid flow in (N/m2)/W-m, defined as 

F, = —  (2.10) 
KAwXpi 

Here, the variables in Eq. 2.10 are defined as follows : 

Hi — liquid viscosity (kg/m — sec) 

pi = liquid density (kg/m3) 

A = latent heat of vaporization (J/kg) 

Aw = wick cross-sectional area (m ) 

K = wick permeability (m ) 
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where K is a property of the wick structure and is tabulated for reference ([2]:42). 

In Eq. 2.9, the ± sign is changed by g which is the gravitational acceleration. 

The gravitational force may be positive or negative depending on whether the liquid 

is flowing in a direction with or against g. In this thesis, an increase in acceleration 

forces was simulated by increasing the angle ip. 

Similarly, the vapor pressure drop in the heat pipe vapor flow passage can be 

calculated by integrating the vapor pressure gradient ([2]:43): 

Pv{x)-Pl{xmin) = -~dx (2.11) 

and also can be written in an alternative form: 

^ = -FVQ - Djtjf- (2.12) 
ax ax   . 

Here, Fv and Dv are, respectively, the frictional and dynamic pressure coefficients 

for the vapor flow. And Fv can be defined as follows: 

ni             {jyftC-vlfJ-v Icy 1 <i\ 

2(rhjV)2Avpv\ 

where the variables in Eq. 2.13 are defined as follows : 

\iv = vapor viscosity (kg/m — sec) 

pv — vapor density (kg/m2) 

X = latent heat of vaporization (J/kg) 

Av = vapor flow area (m2) 

fv = vapor frictional coefficient 

2-9 



Rev    =   Reynolds number of vapor 

fh,v    —   vapor hydraulic radius (m) 

In section 2.3, the capillary pressure along the whole length of the heat pipe is 

required to solve Eq. 2.3, i.e. 

Pc(x) = APv(x - xmin) + APi(xmin - x) 

Substituting APv(x - xmin) and APi(xmin - x) from Eqs. 2.8 and 2.11, into Eq. 2.3 

results in 

pM=r {d-£-d-s)dx (2-w) 

Of course, there exists a maximum possible capillary pressure for any liquid- 

wick combination, see Eq. 2.5. Besides, when a heat pipe is operating in a gravita- 

tional field and circumferential communication of liquid within the liquid is possible, 

then the maximum effective capillary pressure Pcm,e available for axial transport 

of fluid will be decreased by the effect of the gravitational force in the direction 

perpendicular to the heat pipe axis ([2]:51), i.e. 

Pcm,e = — -AP± (2.15) 
rc 

Combining Eq. 2.14 and 2.15 results in a general equation for the capillary 

limitation on heat load: 

rx     dP       dPi /     ^_ctLL)dx (2.16) 
Jxmin        ClX ClX 

2(7    An      r  <dpv    dP< 
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For a conventional heat pipe, the minimum capillary pressure occurs at the 

end of the condenser, i.e. at x = 0, and the maximum capillary pressure occurs at 

the end of the evaporator, i.e. at x = Lt. Hence, Eq. 2.16 can be reduced to 

2<T      x n        [L\dPv      dPi, 

rr. 
AP1=/(^-^)& (2.17) 

Jo      ax       ax 

Substituting ^ and § from Eqs. 2.12 and 2.9, respectively, into Eq. 2.17 yields 

2a 

TV 
APX = /    {FVQ -Dv-%- + F,Q + Plgsin^)dx (2.18) 

Jo ax 

In Eq. 2.18, since Q is equal to zero at both ends of the heat pipe, the second 

integration part at the right hand side yields zero. Hence, Eq. 2.18 can be written 

as 
2a 

TV 
APx - pigLtsin^ = I '(Fv + Ft)Qdx (2.19) 

Jo 

In this thesis study, since the vapor flow is laminar and incompressible, the 

values of Fv and F; are independent of heat transfer rates and they can be calculated, 

respectively, by Eqs. 2.10 and 2.13. Hence, the capillary limitation on the heat 

transport factor (QL)cm can be expressed as 

(QL)cm   =   /    Qdx 
Jo 
(¥-&P±-pigLtsinil>) 

F, + Fv 

(2.20) 

For the case of uniform heat flux along both the evaporator and the condenser, the 

capillary limitation on the heat transport rate, Qcm can be derived from the heat 

transport factor. That is 

(QL)cm = (0.5LC + La + 0.5Le)Qc,m (2.21) 
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where 

Le   =   length of the heat pipe's evaporator section (m) 

La   =   length of the heat pipe's adiabatic section (m) 

Lc   =   length of the heat pipe's condenser section (m) 

In my experiment, there was no adiabatic section. So, La = 0 will be true 

throughout the whole study. Then, the capillary heat transport limit for this exper- 

iment yields 

(O)     =  iRI^hl  (2.22) 
W)cm     0.50Lc + 0.5Le 

y      ! 

Finally, we are going to talk about the dryout length. When an operating heat 

pipe is partially dried out, we know that the total heat pipe length and the length 

of the evaporator will change. They will be the functions of their original lengths 

minus the dryout lengths. They are 

Lt,do   =   Lt — Ldo 

=   0.6234 -Ld0 (2.23) 

and 

=   0.4734 -Ld0 (2.24) 

where Ldo is a dried out length and Lt = 0.6234 m and Le = 0.4734 m for the heat 

pipe studied during this research. Substituting Eqs. 2.23 and 2.24 into Eqs. 2.20 

and 2.22, the dryout length can be expressed as 
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0 3117 - (^~°-6234m5U"/,) 

r    = ^mf'tf"— (2.25) 

From Eq. 2.25, the whole picture of this thesis study has been vividly shown. 

The dryout length could be affected by the inclination angle, V', of the heat pipe and 

by the capillary limit, Q. In steady state condition, this equation will be used to 

calculate the theoretical dryout length which will be compared with the experimental 

data in Chapter 4. 
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177.   Experimental Investigation 

This chapter provides a brief overview of the experimental system and the 

instrument calibrations. The heat transfer analysis and its uncertainty is also dis- 

cussed. Finally, the general experimental procedure is detailed. 

3.1    Experimental Equipment 

The equipment for this experiment consisted of three major subsystems, other 

than the heat pipe. The first subsystem is the coolant system which provides the heat 

sink to maintain the temperature of the condenser end of the heat pipe. In addition, 

by adjusting the coolant temperature and flow rate, the operating temperature of 

the heat pipe can be controlled. The data acquisition system (DAS) was used to 

record and display pertinent experimental data. Thermocouples (TCs) were used to 

measure temperature. These TCs mounted on the surface of the heat pipe were used 

to measured the surface temperature. These measured temperatures were acquired 

by another DAS and later saved. Fig. 3.1 shows the location and designation of the 

ten TCs used in this experiment. Finally, there is the structural subsystem. This 

system includes the iron frame, bolts and some styrofoam blocks. The iron frame was 

used to hold the heat pipe. One end of the frame was fixed and the other end was 

free to tilt up and down simulating this heat pipe experienced an acceleration. The 

bolts, including both fine and coarse threads, were used to tilt the heat pipe during 

steady state operating experiment. The styroform blocks made in different thickness 

were used to tilt the heat pipe during transient operating experiment. A detailed 

description and schematic of these three subsystems, along with their components, 

is provided in Appendix A. 
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Figure 3.1    Heat Pipe Profile Thermocouple Location 

3.2    Calibration 

Accurate data is important to the thesis study. Before the experiment, we 

needed to quantify errors in the instruments used during the experimental process. 

I needed to calibrate the instrumentation, decreasing the uncertainty to a minimum. 

There are three devices used in the experiment that needed to be calibrated. They 

are the flow meter, the DAS, and an amplifier. 

The flow meter, ranging from 0 to 150 ml/min, was used to read the flow 

rate of fluid which was pumping through the coolant system to remove heat from 

the condenser. First, the coolant system pump was turned on and the coolant 

temperature was set to -10, 0, and 10 degree C. The flow meter was set at the flow 

rate of 100 and 120 ml/min, individually. The coolant was diverted into a flask. The 

time was recorded for 100 ml to flow into the flask. Under different temperature and 

flow rate settings, the test was repeated five times and the average result for each 

setting was found. Fig. 3.2 shows the result of the flow rate calibration. 

The DAS was used to acquire and record the data from each thermocouple 

(TC) mounted on the surface of the heat pipe for each experimental run. The epoxy 

used to attach the TCs onto the heat pipe adversely affected the heat conductivity 
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Figure 3.2    Calibration for Flow Meter 

for each TC. It resulted in some readout errors among TCs. So, it was essential to 

develop a method to calibrate them. First, the coolant system was turned on with 

the heat pipe angle set at zero degree. Then, the coolant temperature was set at -15, 

0, and 23 degree C for separate tests at different temperature and the flow meter 

was set at 120 ml/min. Once the steady state was reached, the DAS was used to 

acquire the data from all TCs. Since the heat pipe was not dried out under this 

condition, all the temperature readouts should be the same. Actually, there existed 

some differences among them. These differences were caused by the epoxy and the 

icepoints which were used with each TC. The average temperature for each setting 

temperature was found and defined as the standard value. A calibration equation 

was found for each TC which adjusted its readout to the standard value. It was used 

for data correction later. 
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When the experimental devices were first set up, some trial tests, using the 

DAS to acquire some data, showed that the noise in the TC signal was bigger than 

the TC output signal. An amplifier was used to enhance the signal before it was 

acquired by the DAS, and then the signal was divided by the amplifier when it was 

recorded by the PC. Since the amplifier would drift, it needed to be zeroed each day 

before the experiment. 

t 

Evaporator 

J_J_J Qi 

Qi 

T 
Condenser-IE 

4i4/„/..< 

A   fr^f} 

ifiip 

Tout    Insulation 

Figure 3.3    Heat Transfer Profile of the Heat Pipe 

3.3    Heat Transfer Analysis 

When the heat pipe is working, heat transfers occurred in and out of the heat 

pipe (see Fig. 3.3). The governing equations are as follows: 

Qi    =   heAe(Tr - Tu (3.1) 
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Q2   =   hcAc(Tw,c-TC0) (3.2) 

Q3   =   mcp(T0Ut - Tin) (3-3) 

where 
rp         1 in   i   J- out 

The variables in the equations above are defined as follows: 

he = the convection heat coefficient of the evaporator (W/m2 - K) 

hc = the convection heat coefficient of the condenser (W/m2 - K) 

Ae — the area of the evaporator (m ) 

Ac = the area of the condenser (m2) 

Tr = the room temperature (A') 

Tco = the coolant temperature (A') 

Tw,c = the wall temperature of the condenser (A) 

Tw,e = the wall temperature of the evaporator (A) 

rh — the mass flow rate (kg/sec) 

cv = the specific heat of the coolant (J/kg — K) 

In Eq. 3.1 or Eq. 3.2, he and hc were not known. Hence, Eq. 3.3 was used to find 

Q because m , cp , Tout , and Ttn were easily measured. Note that the coolant used 

in this experiment was a mixture of 50 % water and 50 % ethylene glycol. Thus the 
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value of cv was calculated by the equation as follows: 

Cp (3.4) 
Pw ~T Peg 

The variables in the equation above are defined as follows: 

cp = the total specific heat (J/kg — K) 

cp<w — the specific heat of water (J/kg — K) 

cp,e? = the specific heat of ethylene glycol (J/kg - K) 

pw = the density of water (kg/m3) 

peg = the density of ethylene glycol (kg/m3) 

From the equations above, there are some key variables that can affect the 

value of Q. They are h, AT, and rh. If we need a higher Q which can cause the 

heat pipe to dryout easily, we had better make good use of these factors. In this 

experiment, h was enhanced by setting a high speed fan blowing directly to the heat 

pipe and m was increased by setting the flow meter at the 120 ml/min position. 

Note, here, that m and AT are related to each other. If we get a bigger m , AT will 

become smaller, and vice versa. So, 120 ml/min is a proper value to get a maximum 

Q. Since the working fluid in the heat pipe, ammonia, has a high vapor pressure, 

it was not suitable to use a heater to heat the heat pipe. Hence, throughout this 

experiment, convection from the room temperature was used as a heat source. This 

turned out to limit to the heat transfer into the heat pipe. 

3.4    Experimental Process 

Before acquiring any convincing data for the thesis study, some parameters 

needed to be established and confirmed.   First of all was to make sure the setup 
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was not affected by outside influences. For example, to ensure all the devices were 

well grounded, or some test section of the heat pipe, like condenser, has been well 

shielded yet. For the sake of getting a reliable heat transport, Q, in the heat pipe, the 

condenser section was wrapped with 3.5 cm radius styroform and layers of aluminum 

tape. Thus, any possibility of heat loss from condenser was minimized. Lastly, to 

make sure the inclinometer was working well. For the purpose of preventing it from 

showing error owing to running out of electricity, a new battery was replaced before 

the test. The digital inclinometer was used to measure the inclination of the heat 

pipe during the experiment. Its range of error is ± 0.05 degree for the inclination 

angle between 0-20 degree and ±0.1 degree between 20-60 degree. 

Once all the setup was checked, determining wick dryout needs to be defined. 

In Chapter 2, the heat pipe wick dryout was mentioned as a condition in which the 

working fluid is vaporized and cannot be replenished. It could be recognized as the 

wall temperature of evaporator increased rapidly near the room temperature. Espe- 

cially, when the inclination angle got higher, the wall temperature of the evaporator 

would approach or equal the room temperature. 

When experimental data has been collected and plotted, some important times 

were measured from each figure using Tecplot. In Fig. 3.4, the heat pipe was tilted 

from the initial inclination angle of 1 degree to the final inclination angle of 2 degree 

at time t0, and the duration was 7 minutes. Then, the temperature of the heat pipe 

continuously increased to the point labeled t2 where the slope became steeper. This 

was the time when the heat pipe dried out at the thermocouple location. Since the 

fluid in the wick has not been replenished until the heat pipe was tilted down, the 

temperature keeps rising, approaching room temperature. The heat pipe was tilted 

clown at time ti. The time t3 was viewed as the total rewetting point. Since the heat 

pipe has been rewtted after time t3, the temperature quickly decreases to the initial 

temperature. Time t4 was viewed as the time when the heat pipe totally returned to 

the initial condition.  Other than the times mentioned above, there are some other 
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Figure 3.4    The Figure of Sample Experimental Data 

times which need to be described. dT\ was the tested duration, dT2 was the time 

to dryout, dT3 was the time to rewet, and dTA was the time to return to the initial 

condition. All of the times mentioned above will be used in Chapter 4. 

3.5    Uncertainty Analysis 

When considering the overall uncertainty in this experiment, Equation 3.3 

which was related to the capillary limit was studied. This was because only these 

factors were used in the analysis of this research effort. For a total understanding 

of all sources of error in this thesis, they will be summarized in this section. Ad- 

ditionally, the overall experimental uncertainties for the capillary limit on the heat 

transport rate will be presented as well. 
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The error sources were: 1) an error of ± 0.2 degree in setting the heat pipe 

inclination, 2) a ± 2 second error in determining the duration for dryout and rewet, 

3) a ± 0.01 m error in determining the length of the dried out region, 4) a ± 0.5 

degree C error in reading each temperature, resulting in a ± 1 degree C error in 

determining temperature differences, or AT,. 

To determine the overall experimental uncertainty, the root-sum square method 

of determining error was used. Recall Eq. 3.3, shown as follows: 

Q = riiCp(T0Ut - Tin) 

So, using the root-sum square method, the Equation of the overall experimental 

uncertainty is described by 

A« = '(HAÄ'2 + (gA^ + (^jA(aT)»' (3'5) 

where 

dQ 

dm 
=   CPAT (3.6) 

dQ 
=   rhAT (3.7) 

■P 

dQ 

dcp 

d{AT) 

Substituting Eqs. 3.5, 3.6 and 3.7 into Eq. 3.4, yields 

=   mCp (3.8) 

Ag=[(Am)2 + (Ac,)2 + (A(AT))¥ (3_9) 

Q m cp AT 

The variables in Eq. 3.8 are defined as follows: 

Q   =   the heat transfer rate (W) 

A.Q   =   the error in measuring Q (W) 
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rh = the mass flow rate (kgjsec) 

Am = the error in measuring ra {kg j sec) 

cp = the specific heat (J/kg — K) 

Acp = the error in measuring cp (J/kg — K) 

AT = the temperature difference (K) 

A(AT) = the error in measuring AT (K) 

-6 In this experiment, Q is around 15 W, m = 9.57 x 10 4 kg/sec , Am = 10 

kg/sec, cp = 3210 J/kg-K, Acp = 1 J/kg-K, AT = 6 K, A(AT) = 1 K. Hence, 

AQ = 2.55 W, or about 17 %. 

3.£    Experimental Procedures 

In order to assure each of the experimental steps was performed in exactly the 

same way, a strict procedure was developed as follows: 

Experimental Running Procedures 

1. Zero the Amplifier . 

2. Set the fan at high speed position 

3. Turn on the DAS and set up the acquiring data for trigger 

4. Set coolant bath temperature and coolant flow rate 

5. Set the heat pipe to the initial inclination angle 

6. Allow the system to come to equilibrium 

7. Tilt up the heat pipe to the wanted inclination angle and record the time 

8. Leave the heat pipe tilted for the specified duration 

9. Tilt the heat pipe down to the initial inclination angle 
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10. Wait until data acquisition is complete and see whether the data is proper 

or not (If yes, then save it. If not, then redo it again) 

11. Allow the system to stabilize (15 to 20 minute)     T 

12. Repeat steps 5 to 10 to get another set of data 
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IV.   Experimental Results and Analysis 

This chapter shows the results of the experiment conducted to achieve the 

objectives of this thesis. The objectives were to: 1) observe the extent of dryout in 

an axial groove wick heat pipe operating at different inclination angles and compare 

the results with theory, 2) observe the time for the heat pipe to dry out as a function 

of initial inclination angle, final angle and duration at the final angle, 3) observe the 

time for the heat pipe to rewet as a function of initial inclination angle, final angle 

and duration at the final angle, 4) observe the time for the heat pipe to return to its 

initial condition. In the beginning of each section, the experimental results will be 

described followed by an analysis of the data. 

4-1    Extent of dryout in axial groove heat pipe 

Under steady state conditions, when the axial groove heat pipe was tilted up 

from the horizontal position to some inclination angle, partial dryout was observed in 

the heat pipe. As shown in Fig. 4.1, the higher the final inclination angle, the longer 

the dryout length. Also, from Table 4.1, there is a vivid trend showing that the 

capillary limit, Qcm, decreases as the final inclination angle increases. The capillary 

limit in Table 4.1 was calculated with Eq. 3.3 while the values of the variables used 

were m = 9.6x 10~4 kg/sec, cp = 3210 J/kg-K, and AT was the difference between 

Tin and Tout. Note, here, that m and cp were treated as constant and the uncertainty 

of them were lower than 0.3 %. 

In Table 4.1, the theoretical values of Ldo were calculated using Eq. 2.24. Here, 

the operating temperature of the heat pipe, T/, was the average temperature of the 

coolant temperature, Tc0, and the non-dryout average temperature along the heat 

pipe. 

Fig. 4.2 shows that the gap between the theoretical data and the experimental 

values.  The experimental values were measured from the plots shown in Fig.  4.1. 
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Table 4.1    The Theoretical Dryout Length vs. Inclination Angle 

Inclination 
angle 
(degree) 

Operating 
Temperature 

(K) 

The 
Capillary 
Limit (W) 

Dryout length 
(m) 

0 284.7 16.46 0 
1 284.9 15.32 0 
1.25 285.3 14.79 0.097 
1.50 286.7 14.85 0.189 
1.75 286.9 14.26 0.251 
2 286.9 13.13 0.297 
3 285.7 10.35 0.404 
4 286.6 10.54 0.459 

It is very interesting to note that the percent error between them becomes smaller 

when the inclination angle gets bigger. 

When the heat pipe is operating, as soon as the heat transfer rate, Q, exceeds 

the capillary limit, Qcm, the heat pipe begins to dry out. For small inclination angles, 

the heat pipe required more Q to cause the dryout than at bigger inclination angle. 

So, if there was some energy loss from the devices, like the connectors or flow gauge, 

etc., this would cause the insufficiency of the Q to dry out the heat pipe. That 

could explain part of the error in the dryout length at the small inclination of the 

experimental part reaches 100 % (inclination angle was 1.25 ). In addition, the error 

might be caused by estimating the dry out length from the experimental data. 

4.2    Time required for axial groove to dry out under different inclination angle 

For the sake of easily understanding the time for the heat pipe to dry out, 

TCI was chosen and observed during this and following sections. TC\ was located 

at the end of the evaporator and was the first to indicate a raise in temperature 

due to dryout and the last thermocouple to return to steady state after rewet. For 
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the purpose of narrowing the error when the extent of dryout was measured from 

each plot, a useful software called Tecplot was used to zoom in on the plot to get an 

accurate observation. The uncertainty of the dryout temperature is under 0.2 degree 

C. 

In Fig. 4.3, the upper line shows that the steeper the final inclination angle, 

the shorter the time to dryout. The middle line shows almost the same tendency as 

the upper one. The lower line shows that the time to dry out for the heat pipe with 

the highest final inclination angle is a slightly longer than other small inclination 

angle's. From the whole plot, it is interesting to note that for most of the data the 

higher the initial inclination angle, the less the time to dry out. 

From Chapter 2, it has been mentioned that the steeper the inclination, the 

smaller the capillary limit, Qcm. This trend can be seen in Fig. 4.3. For the upper 

two graphs, dryout occurred faster for higher angles. This indicates that less heat 

flux is required for dryout to occur. 

4.3    Time required for axial groove to rewet under different inclination angles and 

different tested duration 

In order to observe whether longer duration body forces will result in longer 

time for rewet, three intervals describing the time the heat pipe was exceeding the 

capillary limit were studied. They are 2, 4, and 7 minutes. 

In Fig. 4.4(a), the time required for each heat pipe to rewet seems quite close 

independent of the duration of the dryout transient. In Fig. 4.4(b), there is a vivid 

trend showing that the bigger the final angle, the longer the rewetting time. Fig. 

4.4(c) shows that the time required for the heat pipe to rewet is around 15 to 17 

seconds for all final angles, other than the final angle at 1.75 degree. 

The rewetting time is defined as the time period for the working fluid to refresh 

the wick. It is measured by using the time when the temperature starts to drop minus 

the time when the heat pipe was tilted down. In the theoretical point of view, longer 
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point of view, longer duration body forces should result in longer time for rewet. 

From the three plots, this is illustrated. An interesting point that needs to be 

mentioned here is that the initial angle has a strong affect on the rewetting time. 

The larger the initial angle the more difficult it will be for liquid to rewet the wick 

due to the larger adverse body force acting on the fluid in the wick. From Fig. 

4.4(a), the rewetting time is shorter than the other two plots whose initial angles 

were not zero. When the initial angle exceeds 1.25 degree, like Fig. 4.4(c), the time 

for rewet increases. The duration of the adverse angle had less of an affect on the 

time to rewet. 

4.4    Time required for the heat pipe to return to its initial condition 

The slopes in Fig. 4.5(a), (b), (c) reveal that the longer the duration of dryout, 

the longer the time to return to the initial condition. As a whole, it takes only a 

few minutes (less than 6 minute) for the tested heat pipe to return to its normal 

condition. 

During the experiment, since the temperature of all TCs fluctuated before and 

after the tested heat pipe was tilted up and down, it was hard to use a standard 

horizontal line to find the exact times when the heat pipe returned to its initial 

condition. Hence, the error was quite big, around ± 50 seconds. Here was an 

arguing point which was left to be re-examined by more accurate methods in the 

future. 
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V.   Conclusions and Recommendations 

This chapter will present a brief review of the entire experiment and succinct 

conclusions about this research will be made. Several recommendations for follow-on 

research will be given as well. 

5.1 Review for the whole experiment 

This study investigated the effect of transient body forces on the performance 

of an ammonia/axial grooved heat pipe, simulating this heat pipe being used in an 

accelerating aerospace vehicle. 

Under steady state conditions, the heat pipe was tilted to different inclination 

angles and was held there for a period of time until dried out was observed. The 

experimental dryout length results were compared with theory. 

Under transient conditions, the heat pipe was tilted from different initial in- 

clination angles to different final inclination angles. The time for the heat pipe to 

dry out, rewet, and return to the initial condition were observed as a function of 

initial inclination angles, final inclination angles,and duration of heat pipe at the 

final inclination angle. 

5.2 Conclusions 

From the results of the experiment mentioned above, the conclusions of this 

research were summarized as follows: 

1. Under steady state conditions, the percent error between the experimental 

and theoretical data differed by as low as 50 %. 

2. Under steady state conditions, body forces influenced the liquid in a heat 

pipe wick. The larger the body force (or the larger the inclination angle), 

the larger the dryout length. 
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3. Under transient conditions, the higher the final angle, the longer the time 

required for the groove wick heat pipe to rewet after dryout caused by 

inclination. 

4. Under transient conditions, the initial angle had a strong effect on the 

rewetting time. The higher the initial angle, the longer the rewetting 

time. The duration of the adverse angle had less of an effect on the time 

to rewet. 

5. Under transient conditions, the groove wick heat pipe took longer time 

to return to its initial condition after experiencing increased inclination 

angle and larger duration at the increased angle 

5.3    Recommendations 

There are some areas left for improving this investigation and some possibilities 

for follow-on work: 

1. Consider another heat source, so as to get higher heat transfer into the 

heat pipe. 

2. Improve the Data Acquisition System (DAS). Since the collected signals 

of temperatures from all TCs fluctuated quite a lot, a better device was 

needed to be used to screen them. 

3. Improve the insulation condition. Since there was some heat intrusion 

from the environment through connecters on the flow meter, etc., better 

insulation needs to be considered when the whole system is set up. 

4. Vary the coolant bath temperatures to observe its effect on the experi- 

mental results. 

5-2 



Appendix A.   Experimental Equipment 

Other than the heat pipe itself, the equipment for this experiment consisted 

of three major subsystems. They were the Coolant System, the Data Acquisition 

System, and the Support System. The equipment arrangement is shown in Fig. A.l. 

Digital 
Inclinometer Heat Pipe 

 ., „JjUJ.-tliU'UJ I 
I 

**■*■ 

*-* 

Ü, 

Bolt Iron Frame 

mm. 
I 

Iron Table 

■üi" 
■■ 'i:.K'*?"^-'^    ■;; 

ai|i{Piffl;f-:::-    & 

. .   ...... . -.J\ J 

iiiwaiiiiMiii 

plfllllllE 

Cwcukate? 

¥ 

Ball 
Gauge 

Figure A.l    The Arrangement of the Experimental Equipment 
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A.I    Coolant System 

The coolant system was used as the heat sink to maintain the temperature 

of the condenser end of the heat pipe. In addition, by adjusting the coolant tem- 

perature and flow rate, the operating temperature of the heat pipe was controlled. 

The main component of the coolant system was the NESLAB RTE-100 Refrigerated 

Bath/Circulator. This device maintained the coolant fluid at a constant tempera- 

ture, with an accuracy of ± 0.1 degree C, and provided the coolant flow. The actual 

flow of the coolant was controlled by a needle valve on a flow gauge. This flow meter 

had a range from 0 to 150 ml/min. The coolant fluid interacted with the condenser 

end of the heat pipe inside the coolant manifold. This manifold was constructed of 

25.4 mm ID copper tubing, to which copper endplates and 6.35 mm ID inlet and out- 

let tubes were attached. Tygon tubing was used as the coolant piping. To prevent 

heat intrusion from the environment, the coolant manifold and the entire coolant 

loop were insulated with 9.52 millimeters of poly styrene foam insulation to isolate 

the coolant lines from the outside temperature. 

A. 2    Data Acquisition System 

The data acquisition system was used to display and record pertinent exper- 

imental data during each experimental run. The collected data included the heat 

pipe surface temperatures and coolant water inlet/outlet temperatures. All temper- 

atures were taken using K-type chromel-alumel thermocouples (TCs). All TCs were 

manufactured by Omega Corporation and had an operating range of -200 to 1250 

degree C with an error rating of ± 2.2 degree C (the range of the error was cited 

from a document provided by Omega Corporation and the error was minimized to 

± 0.5 degree after doing the calibration for the DAS). For the heat pipe surface 

temperature measurements, these TCs were attached on the outside of the heat pipe 

with OB-101 Epoxy Adhesive which was also a product of Omega Corporation. For 

the coolant fluid inlet and outlet temperature measurements, the TCs were mounted 
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in the coolant flow loop using T-adapters. The location of the ten TCs used in this 

experiment were shown in Fig. 3.1. 

Since the noise was bigger than the TCs' output signals, an Amplifier was 

used to enhance the signals before they were acquired by the DAS, and then the 

signals were cut back to normal when recorded by the 386 PC. These signals were 

displayed as voltages varying with time when they were collected by the DAS. They 

were converted from voltages to temperatures for use in later analysis. 

A.3    Support System 

The final subsystem, the support system, was used to hold the heat pipe and 

to tilt the heat pipe during the experiment. This system included an iron frame, 

bolts, and some styrofoam blocks. The iron frame and bolts were manufactured by 

the Air Force Institute of Technology (AFIT) Model Fabrication Center, and were 

neatly regulated by Mr. Andy Pitts, Aero/Astro Lab technician. The iron frame was 

used to hold the heat pipe. The bolts, including both fine and coarse threads, were 

used to tilt the heat pipe during steady state operating experiments. The styrofoam 

blocks made in different thickness were used to tilt the heat pipe during transient 

experiments. 
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