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1       INTRODUCTION 

The application of unconventional heat pipes to high power electrically driven actuators, e.g. 

electromechanical actuators (EMAs), is important since EMAs possess no inherent means of 

removing heat. The EMA cooling system should have a passive heat transport feature and compact 

size, be lightweight and respond quickly to actuator duty cycles. To meet these requirements, 

oscillating heat pipes (OHPs) are selected as the heat transfer element for the cooling system. 

The OHP is a closed two-phase heat transfer device consisting of a meandering capillary tube. 

The OHP uses the oscillation movement of two-phase flow to transport energy from the evaporator 

to condenser. The OHP operation was experimentally verified for different heat modes relating to 

OHP orientations1'2. Maezawa et al. investigated a chaotic behavior of an OHP with R142b as 

working fluid by monitoring a tube surface temperature in the adiabatic section. The OHP had a 

length of 600 mm, an inner diameter of 2 mm and 40 turns. It was confirmed from a chaotic 

parameter analysis that the temperature oscillation had chaotic characteristics and was governed by 

the non-periodic dynamic system of two-phase flow2. Overall thermal performances of OHP based 

heat exchangers were presented2-3. Kiseev and Zolkin tested an OHP on a spin table4. The OHP had 

an inner diameter of 1.1 mm, a length of 420 mm and 23 turns. Acetone was used as the working 

fluid and the fill ratio was 60%. It was exhibited that there was an increase of the evaporator 

temperature by 30% with an increase of the acceleration from an adverse acceleration of-6g to a 

favorable acceleration of 12g. 

Heat transfer characteristics in the evaporator and condenser of OHPs have not been reported. 

To obtain the heat transfer coefficients of evaporator and condenser of the OHP and to find the 

method of enhancing the heat transfer coefficients of the OHP, an experimental investigation of 

OHPs for the cooling of EMAs has been conducted. The fluorocarbon fluids of FC-72 and FC-75 

as well as acetone is used as the working fluid. The fluorocarbon fluids are selected due to their non- 

flammability feature that is desired for the cooling of aircraft EMAs. Heat pipes with FC-72 and FC- 

75 as the working fluid have not been reported before. The design of the OHP test setup is aimed at 

achieving high performances of the OHP in a wide range of the OHP operating temperatures from 



25°C to 85°C. The fill ratio of the working fluid is varied to find a suitable fill ratio. The input power 

is adjusted in the range of 140 W - 2100 W. A comparison of OHP heat transfer characteristics 

between the vertical operation and horizontal operation is made and the effect of the gravitational 

acceleration on the thermal performance of OHP is addressed. 



2       REQUIREMENTS OF OPERATION 

An effective operation of the OHP relies on the oscillation movement of the two-phase flow 

in the OHP. The two-phase flow oscillation, a flow instability, is related to the fact that the pressure 

drops in each channel between two consecutive turns are not in phase with each other. A basic flow 

pattern in the OHP can be the slug flow caused by liquid bridging or an oscillating co-currrent two- 

phase flow depending on the type of working fluid and the tube diameter. The performance 

limitation of the OHP is caused by dryout due to an insufficient liquid supply to the evaporator. 

The slug flow (liquid bridging) occurs under the condition that the inner tube diameter of the 

OHP is less than a critical diameter, db, which corresponds to the case when the liquid starts to bridge 

the flow channel. The critical diameter is determined using the following relation1'5. 

Bo = 2, 0) 

where the Bond number, Bo, is expressed as 

Bo = dt^£iZEA . (2) 

The co-current two-phase flow dominates in case the vapor superficial velocity is greater than 

a critical value, jge> so that the vapor can drag the liquid along with it. The vapor superficial velocity 

is calculated by 

J*=- Q . 0) 

The critical vapor superficial velocity in the case of vertical operation depends on the following 

equation6. 

y;=o.89, (4) 

where the dimensionless vapor superficial velocity, y*, is given by 

0.5 

/• =       J«'eP*  (5) 

Under the assumption that the vapor and liquid are in the saturated state and the heat rates 

transported by every channel are the same, the minimum heat rate, Qe, required to generate the 



critical vapor superficial velocity is determined as follows. 

Qe=(n + \)h/gAiPgjg!e. (6) 

To maintain the proper two-phase flow pattern (the slug flow or co-current two-phase flow), either 

the condition of d; < db or Q > Qe should be satisfied. A smaller Qe is beneficial to the OHP startup. 

The passive oscillation movement of the two-phase flow requires that the tubing array of the 

OHP should have sufficient turns. The minimum tubing turn number for the excited oscillation 

depends on dynamic balances of mass, momentum, and energy of the two-phase flow in the OHP 

and heating and cooling boundary conditions. Since constitutive relations of the two-phase flow and 

heat transfer in the OHP have not been developed, it is difficult to estimate the minimum tubing turn 

number through numerical simulation. In the present experiment, the tubing turn number of n = 40 

is selected according to the present application to the cooling of aircraft EMAs. 

There exists the minimum fill ratio of the working fluid in which the OHP can not operate 

even at a low heat rate, e.g., 10% of its maximum performance. The fill ratio refers to the ratio of 

the fill liquid volume (at 25°C) to the OHP internal volume. The proper operation of the OHP 

requires also that the actual fill ratio should be greater than the minimum value, <j> > <j>min. Beyond <j>min 

an increase in<|> can result in an increase in the internal thermal resistance of the OHP. Concerning 

this, a proper fill ratio is searched in the present experimental study of the OHP. 



3      EXPERIMENTAL SETUP AND PROCEDURE 

The OHP for the thermal performance test is shown in Figure 3.1. The OHP is made of an 

18.61 m long continuous copper tubing with an inner diameter of 1.75 mm and outer diameter of 

3.18 mm. The inner radius of the OHP tubing turn is 6.35 mm. The tubing is bent into a multitube 

planar array having 40 turns, a length of 446 mm and width of 256 mm. Both ends of the tubing are 

separately sealed. There are two condensers on the looped-ends of the OHP and one evaporator in 

the middle of the OHP. Lengths of the evaporator, condenser (on either side) and adiabatic section 

(on either side) are 125 mm, 108.7 mm and 51.8 mm respectively. A photographic view of the OHP 

connected to a working fluid filling device is shown in Figure 3.2. Acetone, FC-72 and FC-75 are 

employed as the OHP working fluid. The fiuorocarbon fluids of FC-72 and FC-75 are used due to 

their non-flammability feature. The thermal performance of the fiuorocarbon OHPs is compared with 

that of the acetone OHP. The fill ratio is varied from 32% to 50% for the fiuorocarbon fluids and 

from 25% to 50% for acetone. In the range of the present OHP operating temperature from 25°C to 

85°C, the smallest critical tubing inner diameter, db, and the greatest onset heat rate for the co-current 

two-phase flow, Qe, occur at 85°C. For FC-72 and FC-75, the values of db at 85°C are 1.1 mm and 

1.38 mm which are smaller than the actual inner diameter of the OHP, ^(1.75 mm). However, the 

values of Qe are only 190 W for FC-72 and 110 W for FC-75, small enough to operate the OHP 

under the condition of the oscillating co-current two-phase flow. For acetone, the value of c^at 85°C 

is 3.0 mm which is greater than the actual inner diameter of the OHP so that the slug flow could exist 

in the OHP. 
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Figure 3.1 OHP and thermocouple locations. 

Figure 3.2  Photographic view of the OHP. 
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The schematic of OHP experimental setup is shown in Figure 3.3. A drawing of the OHP test 

hardware including an OHP, a heater assembly and two coolers is presented in Appendix A. The 

heater contains four aluminum thermal conduction plates, two on one side and the other two on the 

opposite side of the tube array, covering the evaporator section. The thermal conduction plates are 

machined, on their contact side with the OHP tube array, into semicircle grooves having the same 

radius as the OHP tube, as shown in Figure 3.4. The thermal conduction plates are tightly mounted 

onto the evaporator of the OHP by mechanical joining, as shown in Figure 3.2. To keep a good 

contact with the OHP tube, thermal conduction grease is applied between the OHP tube and thermal 

conduction plate. Two electric resistors are installed in the thermal conduction plates, one on each 

side of the evaporator, and are connected in parallel. There are two coolers, each connecting with 

one OHP condenser. The main parts of the cooler are a rectangular tank, a couple of rectangular 

flanges, a couple of sealing bars, RTV sealing material and coolant inlet and outlet manifolds. Water 

is used as the coolant. In addition to the coolers, the coolant circulation system includes two control 

valves, one bypass valve, two flowmeters (rotameter type, 0.00631 L/s - 0.0631 L/s), two pressure 

gauges (0 -1.03 bar), one preheater, one water pump, one constant temperature bath which contains 

a filter. The coolant flow rate is controlled by the two control valves. The supply pressure (PI) can 

be adjusted using bypass valve, V3. The temperature of the coolant bath can be set in the range of 

5°C - 70°C. AC power is supplied to the resistance heater through a variac with which the input heat 

rate can be adjusted. The input power is digitally displayed and recorded by using a MAGTROL 

power analyzer. 



V3 
Constant 

temperature 
bath 

(5°C - 70°C) 

Computer data 
acquisition 

=0 PI T,.(Probe) 

Preheater 

CV) Fl 

Cooler 1 

VI 

r-   r*.  r-,  r.  r~. 
TflI If I 

I I I I 111 
ii i i JTi 

Heater 

Ti2(Probe)M!W 
—■*—   /ui i i I I 

F2 

V2 

Mill. 
III! IT 
i*    i i# 

All thermocouples 
and input power 

Toi (Probe) 

Automatic overheat 
cutoff 

240 VAC 

•j. 
To2 (Probe) 

P2 

Cooler 2 
Oscillating heat pipe 

with 40 turns 

P1, P2 = Pressure gauges   V1, V2 = Flow control valves 
Fl, F2 = Flow meters V3 = Bypass valve • = Thermocouples 

Figure 3.3   Schematic of OHP experimental setup. 
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Figure 3.4 Thermal conduction plate. 



Nineteen thermocouples of type T with a diameter of 0.2 mm are placed on the OHP wall 

among which five are located in the evaporator, six in the adiabatic sections and eight in the 

condensers, as shown in Figure 3.1. The thermocouples can be divided into three groups designated 

as left group, middle group and right group. The middle group is related with the middle tube, the 

left group with the 8th tube counted from the left side and the right group with the 8th tube counted 

from the right side. For each group, the thermocouple locations are indicated in Figure 3.1. In the 

cooling system, four probe thermocouples, Tn, Ti2, T0l and To2 are used to measure the inlet and 

outlet temperatures of the coolers. Two thermocouples, Tsl and Ts2, are used to monitor the inlet and 

outlet temperatures of the coolant bath. The signals of the 19 thermocouples are acquired using a 

KEITHLEY 500A measurement and control unit supported by a Viewdac data acquisition and 

control program. In addition, 38 thermocouples are attached to the rest of the tubes at locations close 

to the top of the evaporator to monitor the temperature of each tube. These thermocouples are 

connected to a rotary switch from which a thermocouple is led to a FLUKE 2100A digital 

thermometer. For the safe operation, a thermocouple measuring the evaporator temperature is 

connected to a high temperature cut out unit. If the temperature is too high, the power supply will 

automatically cut out. 

The tests are started by turning on the coolant circulation system, setting flow rate, and 

controlling the supply pressure (PI) by adjusting the bypass valve. The variac is then adjusted until 

a desired electric power is displayed on the MAGTROL unit. The OHP operating temperature 

(temperature level) indicated by the temperature of Tm3 is maintained to be a constant by adjusting 

the flow rate and coolant bath temperature for different input powers. After the system attains steady 

state, the temperature, flow rate and input power are recorded. The present experiment conditions 

are as follows: 

OHP temperature level: 25°C - 85°C with 10°C intervals. 

Input power: 140 W - 2100 W. 

Coolant flow rate: 0.00631 L/s - 0.025 L/s for each flowmeter. 

Coolant inlet temperature:     2.4°C - 68.2°C. 

Fluid fill ratio: 50% (22.5 ml), 38% (16.9 ml), 32% (14.24 ml), 25% (11.1 ml). 

OHP orientation: Vertical (indicated in Figure 3.1) 

10 



and horizontal (with the multitube array in the horizontal plane). 

The inlet temperature of the coolant for the top cooler is almost the same as that for the bottom 

cooler. During the experiment, the flow rates through the top flowmeter and bottom flowmeter are 

set to be the same. 

11 



4       MEASUREMENT UNCERTAINTY 

The data acquisition unit and thermocouples are compared to a precision digital resistance 

temperature device (RTD), with 0.03°C rated accuracy, over the range of interest. The temperature 

measurement system accuracy values for the 0.2 mm thermocouples (on the OHP wall) and for the 

four thermocouples of probe type are 0.2°C and O.TC respectively. The accuracy of the 

thermocouple locations in reference to the top of OHP is 2.0 mm. The flowmeters are calibrated 

using a measuring glass and stopwatch at temperatures of 10°C, 25°C, 40°C, 50°C and 60°C. The 

accuracy of calibrated flow rate is within 3.2x10" L/s. The calibration result shows that the'coolant 

temperature has negligible influence on the flow rate greater than 0.0095 L/s. The uncertainty of the 

electrical power input through the power analyzer is 0.5% of reading. 

Heat losses are less than 25% of the input power at input powers greater than 500 W. The heat 

loss results from the temperature difference between the OHP and environment. Overall uncertainties 

for the heat transfer coefficients of evaporator and condenser are estimated and plotted along with 

the corresponding data in resultant figures presented in this report. 

12 



5       RESULTS AND DISCUSSION 

To estimate the heat transfer characteristics of the OHP, mean temperature differences are 

calculated as follows: 

ATel=Te-Tal, V) 

ATe2 = Te-Ta2, (8) 

ATd = Tai-Tcl, (9) 

ATc2 = Ta2-Tc2, <10) 

where Te is the mean temperature of the 5 thermocouples in the evaporator, Tal and T^ are the mean 

temperatures of the 3 thermocouples in the upper adiabatic section and those in the lower adiabatic 

section, Tcl and Tc2 are the mean temperatures of the 4 thermocouples in the upper condenser and 

those in the lower condenser. The heat transfer coefficients with respect to the evaporator and 

condensers are defined as follows: 

(11) 

(12) 

(13) 

(14) 

where Ae is the outer area of the total tubes in the evaporator, A,, the outer area of the total tubes in 

the upper condenser, Ac2 the outer area of the total tubes in the bottom condenser, Q, the heat rate 

through the upper condenser, and Q2 the heat rate through the lower condenser. 

5.1    Results of Acetone Heat Pipe 

During the thermal performance experiment for acetone OHP under the present experimental 

conditions, no dryout on any tube wall of the evaporator has been found at input power rates up to 

13 

he\ = .   Qi 

Ae^Tel ' 

he2 = 

A.bT.i' 

hc\ = .    Q, 
Ac\kTc\' 

hc2: _      ß, 
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2100 W. This means that the performance of the OHP is excellent. 

Figure 5.1 shows a comparison between the heat rate through the upper condenser and lower 

condenser at the operating temperature of 55°C for the fill ratios of 50% and 38%. In horizontal 

operation, the heat rate through the upper condenser is approximately equal to that through the lower 

condenser. In vertical operation, the heat rate through the upper condenser is higher than that through 

the lower condenser but the difference becomes negligibly small at total heat rates, Q = Q, + Q2, 

greater than 700 W. 

l^UU - / 
Acetone / 
'm3 = 55°C c/ 

1000 - /v 
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0 - / 1 —i 1 1 1  

0    200   400   600   800   1000  1200 

Q2(W) 

Figure 5.1 Comparison between the heat rate through the upper condenser (Q,) 
and lower condenser (Q2). 

Figure 5.2 and Figure 5.3 show the heat transfer coefficients of the evaporator and condenser 

vs. the total heat rate for Tm3 = 55°C and <(>=50% in vertical and horizontal operations. As shown in 

Figure 5.2, the heat transfer coefficients increase with the heat rate up to 880 W, and then vary only 

slightly with the heat rate in the high heat rate region. The increase of the heat rate results in an 

increase of the vapor and liquid velocities in the OHP and intensifies the flow boiling heat transfer 

and condensation heat transfer. On the other side, the increase of the flow velocities brings about a 
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rise of the flow pressure drop and consequently enlarges the mean temperature differences expressed 

in equations (7) through (10). In the present case, the former trend is dominant at the heat rates up 

to 880 W. It can be seen from Figure 5.2 and Figure 5.3 that the heat transfer coefficient of hel is 

greater than that of he2, and hcl is greater than hc2 at heat rates less than 700 W. The difference 

becomes small at heat rates higher than 700 W. In Figure 5.3, the heat transfer coefficients increase 

with the heat rate up to 640 W, and then change only slightly with the heat rate except at the heat rate 

of 1430 W where relatively low heat transfer coefficients occur. The heat transfer coefficients of the 

evaporator and condenser in the high heat rate region are slightly greater than those as shown in 

Figure 5.2. 
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Figure 5.2 Heat transfer coefficients vs. total heat rate for Tm3 = 55°C and <}>-50% 

in vertical position. 
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in horizontal position. 

Figure 5.4 shows a comparison of the heat transfer coefficients of the evaporator and 

condenser between the case of $=38% and $=50% at Tm3 =55°C in the vertical operation. For 

<j>=38%, the heat transfer coefficients of the evaporator and condenser increase with the heat rate up 

to 470 W and then change only slightly with the heat rate. At the heat rates greater than 230 W, the 

heat transfer coefficients of the evaporator and condenser are greater for t|)=38% than for $=50%. 
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Figure 5.4 Heat transfer coefficients vs. total heat rate for <)>=50% and $=38% 

at xm3 = 55°C in vertical position. 

Figure 5.5 and Figure 5.6 show OHP wall temperature profiles along the middle tube in 

vertical operation at Tm3=55°C for ((.=38% and $=32%. In Figure 5.5, the wall temperature generally 

increases with an increase of the distance up to the evaporator section and then decreases. There are 

three thermocouples in the evaporator, two in the upper condenser, one in the upper adiabatic 

section, one in the lower adiabatic section and two in the lower condenser. The thermocouple 

indicating the highest temperature is located in the middle part of the evaporator due to a higher heat 

flux in the middle. The higher the heat rate, the larger the temperature difference is between the 

evaporator and condenser. The average temperature difference between the evaporator and 

condensers is 33°C at 1590 W. The variation of the wall temperature in Figure 5.6 is close to that 

in Figure 5.5 and the average temperature difference between the evaporator and condensers is 35°C 

at 1670 W. 
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total heat rates for Tm3 = 55°C and <j>=32% in vertical operation. 
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Figure 5.7 shows the heat transfer coefficients of the upper evaporator and condenser vs. the 

operating temperature at heat rates in a narrow range of 780 W to 880 W in vertical operation. It 

seems that the heat transfer coefficients vary only slightly with the operating temperature. The heat 

transfer coefficients for <>=38% are close to those for <j>=32%. The heat transfer coefficients for 

<j>=38% and <j>=32% are higher than those for $=50%. 
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Figure 5.7  Heat transfer coefficients of the upper evaporator and condenser vs. 

operating temperature. 
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5.2    Results of Fluorocarbon Heat Pipes 

For the FC-72 OHP with the fill ratio of 50% vertically operating at a temperature level of 

75°C and 85°C (Tm3), no dryout on any tube wall of the evaporator has been found at total heat rates 

up to 2040 W. However, the fluorocarbon OHPs with the 32% fill ratio can not operate appropriately 

even at the low input power of 200 W due to the occurrence of the dryout in the evaporator. 

Figure 5.8 shows wall temperature profiles of the FC-72 OHP along the middle tube in vertical 

operation for Tm3 =75°C and <|)=50% at different total heat rates. Generally, the wall temperature 

increases with an increase of the distance up to the evaporator section and then decreases. There are 

three thermocouples in the evaporator, two in the upper condenser, one in the upper adiabatic 

section, one in the lower adiabatic section and two in the lower condenser. The thermocouple 

indicating the highest temperature is located in the middle part of the evaporator. The higher the heat 

rate, the larger the temperature difference is between the evaporator and condenser. The average 

temperature difference between the evaporator and condensers is 46°C at 2040 W. No temperature 

excursion has been found at the achievable heat rates up to 2040 W. 
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Figure 5.8  OHP wall temperature profiles along the middle tube of the FC-72 OHP 

at different total heat rates for Tm3 = 75°C and <}>=50% in vertical operation. 
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Figure 5.9 gives heat transfer coefficients of the evaporator and condenser as a function of the 

heat rate for the FC-72 OHP in vertical and horizontal operations for Tm3=75°C and <|>=50%. The 

heat transfer coefficients increase with the heat rate. The differences between h,, and he2 and between 

h,, and hc2 are not significant in vertical operation or horizontal operation. The difference between 

the results for the vertical operation and those for the horizontal operation is small. 
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Figure 5.9    Heat transfer coefficients of the evaporator and condenser vs. total heat rate 

for FC-72 OHP with 50% fill ratio at 75°C operating temperature. 

Figure 5.10 shows heat transfer coefficients of the evaporator and condenser as a function of 

the heat rate for the FC-75 OHPs with the 50% and 38% fill ratios in vertical operation at the 

operating temperature of 75°C. The heat transfer coefficients increase with the heat rate. The OHP 

with the 38% fill ratio has undergone the dryout at input heat rates of 800 W. The heat transfer 

coefficients of the evaporator are slightly lower with the 38% fill ratio than those with the 50% due 

to insufficient wetting of the evaporator wall. The difference of the heat transfer coefficients of the 

condenser between <[>=38% and 4>=50% is small. An excursion of temperatures on the OHP with the 
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38% fill ratio during the dry out is shown in Figure 5.11. At the total heat rate of 700 W, the OHP 

operates appropriately in the steady state. At the total heat rate of 800 W, the temperature in the 

evaporator, Tm5 starts to continuously increase and the temperature in the upper condenser begins 

to drop. The operation of the OHP is deteriorated due to the dryout in the evaporator. 
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Figure 5.10   Heat transfer coefficients of the evaporator and condenser vs. total heat rate 

for FC-75 OHP in vertical operation at 75°C operating temperature. 
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Figure 5.11   Excursion of temperatures on the FC-75 OHP with 38% fill ratio during dryout. 

Figure 5.12 shows heat transfer coefficients of the upper evaporator and condenser vs. the 

operating temperature for the FC-72 OHP with the 50% fill ratio in vertical operation at heat rates 

of 455 W and 1390 W. The heat transfer coefficient of the upper condenser decreases only slightly 

with the operating temperature. The heat transfer coefficient of the upper evaporator increases with 

the operating temperature up to 75°C for Q = 1390 W and up to 55°C for Q = 455 W. The heat 

transfer coefficients of the upper evaporator and condenser are much higher for Q = 1390 W than 

those for Q = 455 W. 
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Figure 5.12   Heat transfer coefficients of the upper evaporator and condenser vs. 

operating temperature. 

Figure 5.13 shows a comparison between the heat rate through the upper condenser and lower 

condenser of the FC-72 and FC-75 OHPs with the fill ratio of 50% at various operating 

temperatures. The heat rate transferred through the upper condenser is approximately the same as 

through the lower condenser in both vertical and horizontal operations. Figure 5.14 shows the 

comparison of the heat transfer coefficients of the upper evaporator and condenser in vertical 

position with those in horizontal position for the fluorocarbon OHPs with the 50% and 38% fill 

ratios at heat rates between 175 W and 1850 W and at operating temperatures between 25°C and 

75°C. The result indicates that there is no significant difference between the heat transfer coefficients 

of evaporator and condenser in the horizontal position and those in the vertical position. The result 

implies that the thermal performance of the OHPs is insensitive to the gravitational acceleration. The 

heat transfer coefficients vary widely, from 134 W/m2K to 907 W/m2K for hel and from 66 W/m2K 

to 520 W/m2K for hc], depending on the working fluid and operating condition. 
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5.3    Comparison of OHPs With Different Working Fluids 

It can be seen from Figure 5.5 and Figure 5.8 that the average temperature difference between 

the evaporator and condenser is significantly larger for FC-72 OHP than for acetone OHP. Figure 

5.15 shows the comparison of heat transfer coefficients of the acetone OHP with those of the FC-72 

OHP and FC-75 OHP with respect to the upper evaporator and condenser. The OHPs have the fill 

ratio of 50% and operate horizontally at Tm3=75°C. The heat transfer coefficients of evaporator of 

the FC-72 OHP are lower than those of the acetone OHP while higher than those of the FC-75 OHP. 

The heat transfer coefficients of condenser of the FC-72 OHP are lower than those of the acetone 

OHP while approximately the same as the FC-75 OHP. The difference of the heat transfer 

coefficients of evaporator as well as the condenser between the acetone OHP and FC-72 OHP 

becomes smaller with increasing the heat rate. 

1600- 
^^ 
^ 

CM 

F 1400- 

| 1200- 
</> 
c 
CD 1000- 
U 
£ 

<1> 
O 800 - 
O ^ 
v> 600 - 
c 
CO 

400 - 
CO 
d> 
X 200- 

Tm3 = 75°c     * = 50%      Horizontal 

0      200    400    600    800   1000 1200 1400 1600 1800 2000 2200 

Total heat rate (W) 

Figure 5.15   Comparison of heat transfer coefficients of the FC-72 OHP with those of 
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6       CONCLUSIONS AND RECOMMENDATIONS 

6.1    Conclusions 

1. The acetone OHP with the fill ratios of 50%, 38% and 32% and the FC-72 OHP with the fill ratio 

of 50% have the capability of transporting more than 2040 W without dryout. 

2. The performance limitation of the fluorocarbon OHPs is caused by the dryout which is indicated 

by the excursion of the temperatures on the OHP wall. The dryout limit of the fluorocarbon 

OHPs is much higher for the 50% fill ratio than for the 38%. This means that the fill ratio of 38% 

is not sufficient for the fluorocarbon OHPs. The fluorocarbon OHPs can not operate in the case 

of the 32% fill ratio even at the low input power of 200 W. The acetone OHP does not operate 

appropriately for the fill ratio of 25%. 

3. For the acetone OHP, the heat transfer coefficients of the evaporator and condenser are 

noticeably higher for the fill ratios of 38% and 32% than those for 50%. The desired fill ratio is 

38%. 

4. In most cases, the heat transfer coefficients of the fluorocarbon OHPs increase with the heat rate. 

In most cases, the heat transfer coefficients of the acetone OHP increase with the heat rate up to 

a heat rate between 470 W and 900 W and then change only slightly with the heat rate. 

5. The heat rate dissipated through the upper condenser is approximately the same as through the 

lower condenser (in both vertical and horizontal operations). The energy transport of the OHP 

is attributed to the excited oscillation of the two-phase flow in the OHP. The tubing turn number 

of 40 used in the present experiment is sufficiently large to generate the oscillation in the OHP. 

6. There is no significant difference between the heat transfer coefficients of evaporator and 

condenser of the fluorocarbon OHPs in the horizontal position and those in the vertical position. 

7. At a same operating temperature, the heat transfer coefficients of evaporator of the FC-72 OHP 

are lower than those of the acetone OHP while higher than those of the FC-75 OHP. The heat 

transfer coefficients of condenser of the FC-72 OHP are lower than those of the acetone OHP 

while approximately the same as the FC-75 OHP. The difference of the heat transfer coefficients 

of evaporator as well as the condenser between the acetone OHP and FC-72 OHP becomes 

smaller with increasing the heat rate. 
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6.2    Recommendations 

The following recommendations are made to expand the OHP research. 

♦ OHP thermal performance tests at temperatures higher than 85°C may be required for the 

fluorocarbon fluids or organic fluids. 

♦ The influence of g-load on the OHP thermal performance needs to be investigated for aircraft 

application. The thermal performance test under g-load can be conducted using a spin table. 

♦ An effective operation of the OHP requires that the tubing array of the OHP should have 

sufficient turns. This requirement implies that there might exist the minimum number of the 

tubing turns. To determine the minimum tubing turn number, more experimental investigations 

under various operating conditions should be carried out using several different tubing turns. 

Meanwhile, a theoretical modeling of the minimum tubing turn number may be carried out based 

on governing equations of the two-phase flow in the OHP and heating and cooling boundary 

conditions. Necessary constitutive relations of the two-phase flow and heat transfer in the OHP 

need to be developed. 
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APPENDIX A 

ASSEMBLY DRAWING OF OHP TEST RIG 
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