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This paper presents theoretical and experimental studies on using thermoelectric
converters (TECs) and coupling blocks to control the operating temperature of a miniature
loop heat pipes (MLHP). The MLHP has two parallel evaporators and two parallel
condensers, and each evaporator has its own integral compensation chamber (CC). A TEC is
attached to each CC, and connected to the evaporator via a copper thermal strap. The TEC
can provide both heating and cooling to the CC, therefore extending the LHP operating
temperature over a larger range of the evaporator heat load. A bi-polar power supply is
used for the TEC operation. The bipolar power supply automatically changes the direction
of the current to the TEC, depending on whether the CC requires heating or cooling, to
maintain the CC temperature at the desired set point. The TEC can also enhance the start-
up success by maintaining a constant CC temperature during the start-up transient. Several
aluminum coupling blocks are installed between the vapor line and liquid line. The coupling
blocks serve as a heat exchanger which preheats the cold returning liquid so as to reduce the
amount of liquid subcooling, and hence the power required to maintain the CC at the
desired set point temperature. This paper focuses on the savings of the CC control heater
power afforded by the TECs when compared to traditional electric heaters. Tests were
conducted by varying the evaporator power, the condenser sink temperature, the CC set
point temperature, the number of coupling blocks, and the thermal conductance of the
thermal strap. Test results show that the TECs are able to control the CC temperature
within +0.5K under all test conditions, and the required TEC heater power is only a fraction
of the required electric heater power.

Nomenclature
Cp = specific heat
Gy, = thermal conductance across thermal strap
Geee = thermal conductance between evaporator and compensation chamber
m = mass flow rate
0., = compensation chamber power
[oF = heat load to evaporator
Qoo = heat leak from evaporator to compensation chamber
Ot = amount of liquid subcooling
Q’z'zfc,app = heat applied to thermoelectric converter

QTEC 4 = heat delivered to the hot side of thermoelectric converter
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Q}'}’?C',L = heat absorbed by thermoelectric converter at the cold side

I, = temperature of compensation chamber

T, i = temperature of evaporator

1, = temperature at the inlet of the compensation chamber

1. = minimum temperature of the compensation chamber

Toer = compensation chamber set point temperature

Tcy = temperature at the hot side of the thermoelectric converter
Ipe, = temperature at the cold side of thermoelectric converter

A = latent heat of vaporization

1. Introduction

LOOP heat pipe (LHP) is a very robust and versatile thermal device which can transport large heat loads over

long distance with small temperature differences” >. LHPs are being used on several commercial
communications satellites and NASA’s ICESAT, SWIFT, AURA, and GOES-N spacecraft®”. It continues to gain
increasing acceptance as a heat transfer device for spacecraft and instrument thermal control.

" The LHP operating temperature is governed by the saturation temperature of its compensation chamber (CC);
the latter is in turn determined by the balance among the heat leak from the evaporator to the CC, the amount of
subcooling carried by the liquid returning to the CC, and the amount of heat exchanged between.the CC and
ambient. For a well-insulated CC, the heat leak is balanced by the liquid subcooling as shown in Figure 1. Thus,

Q/eak - qub = 0 (1) _QSUb - Qleak
Qreak = Cpec T =Tee) (2) »| CC, Tee Evap, Tg
qub = rncp (TCC - Tin) (3)

Figure 1. Energy Balance for CC
m=Q./ 4 “) -

The heat leak is usually a few percentage of the heat
load applied to the evaporator. The amount of subcooling
is a function of the condenser sink temperature, ambient Natural Operating
temperature and evaporator heat load. When the ambient Temperature
temperature is higher than the condenser sink temperature, \
the CC temperature as a function of the evaporator heat T,
load yields a V-shaped curve as shown in Fig. 2. This can
be explained as follows. At a low heat load, the liquid flow
rate along the liquid line is small, resulting in a long
residence time there. The liquid will be heated to near the s I
ambient temperature due to a parasitic heat gain from
ambient. Thus, the CC temperature will rise above the
ambient temperature in order to satisfy the energy balance
requirement, As the evaporator heat load increases, the Q Q
mass flow rate increases and the residence time of the Net Evaporator Power
returning liquid in the liquid line decreases. This leadsto a  Figure 2. LHP Natural Operating Temperature
lower liquid temperature at the CC inlet and an increasing .
amount of liquid subcooling. The increase in the liquid subcooling more than compensates for the increase in the
heat leak, leading to a decrease of the CC temperature. This trend continues until the condenser is fully utilized and
the CC temperature reaches a minimum (T, in Fig. 2). Any increase in the evaporator heat load thereafter will
result in warm liquid flowing back to the CC. The CC temperature will increase in order for the condenser to be able

to dissipate the heat load.

CC Temperature
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Most spacecraft applications require the instrument temperature to be kept within a narrow range. The LHP
operating temperature can be controlled at a fixed set point required by the instrument (e.g. Tsgr as shown in Fig. 3)
by adding heat to or removing heat from the CC. As shown in Fig. 4, the energy balance becomes:

Q/eak - qub + Q('C = O (5)
Thus,

Q('C = qub - Q/eak (6)

A positive Qcc denotes the heat to be added to the CC
whereas a negative Q¢ denotes the heat to be removed.
In Fig. 3, Qcc is positive for evaporator heat loads
between Qo and Que. For evaporator heat load
smaller than Qy,.,, Qcc is negative and the CC requires
cooling. Note that when the heat load is greater than
Quign, the condenser is fully utilized at Tger and the only
way to maintain the CC temperature at Tgpr is to
increase the condenser heat dissipating capacity, i.e.
increase the radiator size.

Saturation temperature control is accomplished
traditionally by cold-biasing the CC and using an electric

Natural Operating
Temperature

Fixed Operating
Temperature

CC Temperature
—

A4

Heating Req’d ~ ——>

heater to maintain the set point temperature. This /f
method can only provide heating to the CC, i.e. the set Cooling  Quew  Quip
point temperature can only be maintained for the Req’d . Net Evaporator Power

evaporator heat load between Qrow and Qg as
illustrated in Fig. 3. Moreover, the required CC control
heater power can be as high as 30 percent of the
evaporator heat load when the condenser sink is very

Figure 3. LHP Operating Temperature Control

cold. ‘ Qcc
Several methods have been used to reduce the Qup : Qpoax
control heater power requirement. The first method uses —P| CC, T =T,y [ Evap, T¢

coupling blocks that are installed between the vapor line
and liquid line> *. The cold liquid returning to the CC
will acquire heat from the vapor and thus become less Figure 4. Energy Balance for CC
subcooled when entering the CC. The second method
uses a pressure regulating valve to divert part of the vapor from the vapor line to the liquid line, thereby reducing the
liquid subcooling®. A feedback mechanism is required for implementing this method. The third method uses a
variable conductance heat pipe that connects the evaporator and the liquid line®”. A feedback mechanism is also
required for the implementation of such a method. Some of these methods have certain disadvantages: 1) Liquid
subcooling could be further reduced at low evaporator powers, leading to an even higher natural operating
temperature; 2) Liquid subcooling could also be reduced during the loop start-up with low evaporator powers
precisely when high subcooling is critically needed; and 3) There could be a significant delay in the response of the
feedback mechanism. '
This paper describes theoretical and experimental studies to investigate the use of a thermoelectric converter
(TEC) and coupling blocks to control the CC saturation temperature of an LHP. A TEC is capable of providing both
heating and cooling to the CC. Thus, using a single device, the CC temperature can be maintained at Tsgr for
evaporator heat loads from 0 to Qyig-(shown in Fig. 3). When heating the CC, a TEC can also reduce the required
control heater power when compared to using electric heaters. The test article used for this investigation is a
miniature LHP (MLHP) consisting of two evaporators and two condensers. Each evaporator has its own integral CC,
and a TEC is installed on each CC.

The remainder of the paper is arranged as follows. A theoretical background of CC temperature control using
TEC is given first. This is followed by descriptions of the test article and test set-up. Details of the tests performed
and test results are then presented. Effects of the thermal conductance of the thermal strap and the number of
coupling blocks on the required TEC power are also addressed.

fod
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II. Theoretical Background

A TEC operates based on the Peltier effect, which states that when an electric current flows through two
dissimilar conductors, the junction of the two conductors will either absorb or release heat depending on the
direction of the current flow. Details of the operating principles, construction, and performance characteristics of

TECilgan be found in the literature and on TEC v.endors’ \A./eb Hot Side Temperature: 27°C

sites” “. The amount of heat that a TEC can pump is a function

of its design, the power that drives the TEC, the temperature of TAC)= 27

the TEC hot side, and the temperature difference between its Loty HEAT

TEC hot and cold sides. There are different ways to present the AATTS)

performance characteristics of a TEC. One of the methods is 60.0 ws =198

depicted in Figure S where performance curves of the Marlow 5 : /;:,/,, e=Erd

Industries DT3-6 TEC'® at a hot side temperature of 300K are - 400 /9/{"; ,."___,_E %

shown. For example, when a voltage of 1 volt is applied to the < 204 f =158
. . 0.0 b ALY LA T 5

TEC, an electric current between 1.1 and 1.7 amps will flow to YN A= 80

the TEC. The exact current is a function of the heat being IV A/ A7 A4 ;gig

pumped. If the current is 1.5 amps (the applied power is 1.5W) 0o -

and the temperature difference across the TEC is 20K, then the 40 ' .

heat being pumped (the “HEAT LOAD” on the chart) is about g B o 4N

2W. When the direction of the current is reversed, the hot side = 30 P

and the cold side of the TEC will switch, and the direction of % 20 r/' AN

the heat flow will also reverse. In other words, the TEC § . i S i S S

. . . . . Pt I~ AT=0

switches it mode of operation from heating to cooling an I ny~di

objective, or vice versa. This is why a single TEC can be used 002{

to heat or cool the same object. Note that the hot side of the 00 10 20 30 48 50 §0 74

CURRENT (AMPS)

TEC must be connected to a heat sink for ultimate heat i
dissipation. Otherwise, the hot side will get hotter and hotter. ~ Figure 5. Performance Curves for Marlow
When the temperature difference between the hot side and the  Industries DT3-6 TEC at 300K Hot Side
cold side exceeds a certain value, the TEC will cease to pump Temperature®

heat. This is shown in Fig. 5 as the OW heat load line.

When a TEC is used to control the CC set point temperature in an LHP, one side of the TEC can be attached to a
copper saddle which is attached to the CC, and the other side can be connected to the evaporator via a copper strap
as shown in Figure 6. By changing the direction of the current flowing through the TEC, the TEC will change its
mode of operation from heating the CC to cooling the CC.

Using a bipolar power supply and a control algorithm, the TEC Qrec L
will automatically change its mode of operation to maintain the Trec,L
CC at the desired set point temperature. When a power is

Thermal Strap

applied to the TEC, the TEC will pump heat from the cold side Orec

to the heat side. The sum of the applied power and heat being h Al

pumped is delivered to the hot side of the TEC. Thus, Qaup cc. T  Qeeak Evap, T
b s Uset o~ v B

QTEC,H = QTEC,L + QTEC,app Q)

Figure 6. Schematic of TEC Heating CC

When the TEC is heating the CC as shown in Fig. 6, part of

the heat applied to the evaporator will be transmitted to the cold

side of the TEC via the thermal strap. This heat plus the heat

applied to the TEC is used to heat to CC. Figure 7 shows the heat
flow. Thus,

QCC = QTEC,H (8) Tee Trec, Tree L Te

Qrec.t t

Qcc is the required power to maintain the CC at the set point ~ Figure 7 Heat Flow with TEC Heating CC

temperature. From Equation (7), one can write:
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Q’['[;‘C,app < Q('(.' (9)
Using traditional electric heaters, the required control power is Qcc. Using a TEC, the required control power is

Qrec app- The TEC can therefore reduce the control heater power requirement for the CC. The power saving is Qrec,L,
which is the same as the heat being transmitted from the evaporator to the CC through the thermal strap, i.e.

QTEC,L = QSII'ap AI/ap Tz -T, TEC,L) (10)

T QTEC,H
. When the TEC is cooling the CC as is shown in Fig. 8, TEC.H .

the power applied to the TEC plus the heat that is absorbed : Thermal Strap
from the CC is delivered to the hot side of the TEC. The heat D eI
is then transferred via the thermal strap to the evaporator, and :
is ultimately dissipated to the condensers. Figure 9 shows the -Qqup  Quea
heat flow. In addition to Eq. (7), one can write the following P CCT. [¢ Evap, Te
equations:

' Figure 8. Schematic of TEC Cooling CC

Oee = Oric,y (11)

QTEC, H

N

QTEC,H = QSlrap = Gs/rap (T['EC,H - TE) (12)

When the TEC is heating the CC, its hot side is at nearly the
same temperature as the CC. The cold side will become cold and
reach an equilibrium temperature, Trec1, Which simultaneously
satisfies the following conditions: 1) The TEC will pump a heat
load of Qy,.q Which is determined from Fig. S based on the voltage
applied to the TEC and the temperature difference across the  Figure 9. Heat Flow with TEC Cooling CC
TEC. 2) Qjoaq is equal to Qrecyr, the heat transmitted from the
evaporator through the thermal strap. 3) Because Qrgc is transmitted from the evaporator through the thermal strap,
Eq. (10) must be satisfied.

When the TEC is cooling the CC, the TEC cold side will be at a temperature slightly lower than the CC set point
temperature. The hot side will reach an equilibrium temperature, Trgcp, which simultaneously satisfies the
following conditions: 1) The TEC will pump a heat load of Qy,g, which is determined from Fig. 5 based on the
voltage applied to the TEC and the temperature difference across the TEC. Qyu.q is the same as Qrgc 1. 2) A heat load
of Qrecy is delivered to the hot side of the TEC. Qrecy is the sum of Qrgcy, and the power applied to the TEC, i.e.
Eq. (7) must be satisfied. 3) Because Qrgcy is transmitted to the evaporator through the thermal strap, Eq. (12) must
be satisfied.

It is obvious that cooling the CC requires more heat to be transmitted through the thermal strap than heating the
CC when the same power is applied to the TEC. Thus, the TEC efficiency is more strongly affected by the thermal
conductance of the strap when it cools the CC than when it hearts the CC. Moreover, because the evaporator is
already at a higher temperature than the CC, the temperature of the TEC hot side must be higher than the evaporator
temperature. The smaller the strap thermal conductance, the warmer the TEC hot side will become. Because the cold
side is more or less constant (near the CC temperature), a warmer hot side increases the temperature difference
across the TEC, and makes the TEC work less efficiently. More power must be applied to the TEC in order to pump
the same amount of heat out of the CC. More power to the TEC makes the hot side even warmer and further reduces
the TEC efficiency. Thus, a vicious cycle may develop and eventually lead to a total loss of the TEC pumping
capability, i.e. the TEC will operate along the zero heat load line on the chart shown in Fig. 5. When that happens,
the TEC cannot cool the CC.

On the other hand, when the TEC is heating the CC, the hot side is at near]y the same temperature as the CC.
Because the evaporator is already at a slightly higher temperature than the CC, and the TEC cold side is colder than
the CC, some heat will definitely be transmitted from the evaporator through the thermal strap to the cold side of the
TEC. The higher the thermal conductance of the thermal strap is, the more heat is transmitted. Even if no heat is
being transmitted across the strap, using a TEC is no worse than using an electric heater.

Tee Trec,L Trec H Te
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The coupling blocks connecting the vapor line and liquid line serve as a heat exchanger which heats the cold
liquid as it flows back to the evaporator and CC. This will reduce the liquid subcooling, which in turn will reduce
the control heater power required to maintain the CC at the desired set point temperature (refer to Egs. (3) and (6)).
In addition, the natural operating temperature curve shown in Fig. 2 is a function of the condenser sink temperature.
As the sink temperature decreases, the natural operating temperature curve moves lower except at very low
evaporator heat loads. Thus, the heater power increases with a decreasing sink temperature.

One possible disadvantage of using coupling blocks may occur during low power operation and low power start-
up. At low evaporator powers, the CC temperature may be higher than the ambient temperature. When coupling
blocks are added, the operating temperature will become even higher because the liquid subcooling is further
reduced. If a thermal mass is attached to the evaporator and the loop is started with a low power, the loop may not
reach a steady temperature. This is because the returning liquid does not provide enough subcooling to balance the
heat leak. As the CC temperature increases, the net heat to the evaporator decreases because the thermal mass
utilizes part of the heat load to raise its own temperature. A decreasing evaporator heat load leads to an even higher
CC temperature (refer to Fig. 2). Thus, the loop temperature may continue to increase and exceed the maximum
allowable temperature of the instrument. By cooling the CC to keep the saturation temperature constant, the TEC
solves both the start-up and low power operation problems. Moreover, the power required to operate the TEC is very
small at low evaporator powers.

III. Test Article and Test Set-up

Figure 10 shows a picture of the MLHP, which consisted of two parallel evaporators, two parallel condensers, a
common vapor transport line and a common_liquid return line. Major design parameters of the MLHP are
summarized in Table 1. An aluminum block with a 400-gram mass was attached to each evaporator to simulate the
instrument. The two parallel condensers were sandwiched between two aluminum plates. A flow regulator
consisting of capillary wicks was installed at the downstream of the two condensers. In addition, the vapor line and

Table 1. Summary of MLHP Design Parameters

Component | Material Value
Evaporators | Aluminum | 9mm O.D. x 52 mm L
(@) 6061
Primary Titanium | 6.35 mm O.D. x 3.2mm 1.D
Wicks (2) Porosity: 0.35
Pore radius 1.39 um (El),
1.47 um (E2)
Permeability: 0.11 x 10"°m?
(E1), 0.09 x 10"°m? (E2)
Secondary | Stainless Porosity: 0.67
Wicks (2) Steel Pore radius: 68.7 um
Permeability: 83 x 10°m’
Bayonet SS 304L 1.1 mm O.D. x 0.79 mm I.D.
Tubes (2)
CC(2) SS 304L 222 mm O.D. x 21.2 mm LD.
‘ x724mmL
Vapor Line | SS304L 238 mm O.D. x 1.37 mm L.D.
. x 914 mmL
Liquid Line | SS 304L 1.59 mm O.D. x 1.08 mm L.D.
x 914 mmL
Condensers | SS 304L 2.38 mm O.D. x 1.37 mm L.D.
(2) X 2540 mm L
Flow SS Pore radius: 10.1 um
Regulator Permeability: 3.1 x 10"°m?
Working Ammonia | 29.3 grams
fluid
Total LHP 316.6 grams : il A
mass Figure 11.  Close-up View of the Evaporator
and/CC
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liquid line were connected with several aluminum coupling blocks (20 mm by 20mm by 6émm each) to reduce the
control heater power for the CCs. A TEC made by Marlow Industries with model number DT3-6 was installed on
each CC through an aluminum saddle'®. The other side of the TEC was connected to the evaporator through a
copper strap. A close-up view of the evaporator/CC section showing the TECs and thermal straps is depicted in Fig.
1.

A cartridge heater capable of delivering 1'W to 200W was inserted into each thermal mass. The applied power
was obtrained from the multiplication of the measured voltage and current. Each condenser cold plate was cooled
convectively by a separate chiller. The two chillers allowed temperatures of the two condenser plates to vary
independently. Each TEC was controlled by a bi-polar power supply. Changing the polarity of the applied voltage
changed the direction of the current flow, and the mode of the TEC operation from heating the CC to cooling the
CC. The entire test set-up was placed in a horizontal plane. ‘ '

To investigate the effect of the thermal conductance of the strap on the TEC operation, two typess of copper
thermal strap designs were used in the test as shown in in Fig. 11 and Fig. 12, respecively. The first type of strap
has a thermal conductance of 0.22W/K, and the second 0.5W/K. These thermal conductance values were obtained
from thermal vacuum testing of both types of staraps. Two straps of each type were used, one for each
CClevaporator pair. In addition, various numbers of coupling blocks were used: 0, 2, 3 and 4 blocks.

More than 60 type T thermocouples were used to monitor the MLHP temperatures, as shown in Figure 14. A data
acquisition system consisting of a data logger, a personal computer, and a screen monitor was used to collect and
store temperature and power data every second. Labview software was used for the command and control of the fest
conditions.
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Figure 13. Type 2 Thermal Strap Figure 14. Thermocouple Locations (Top View)

IV. Tests Performed and Experimental Results

The TEC installed on the CC serves three purposes: 1) to provide active cooling to the CC to maintain the CC set
point temperature; 2) to replace traditional electric heaters to heat the CC and maintain the CC set point temperature;
and 3) to reduce the control heater power when heating the CC. Figure 15 shows the test where TECs were used to
cool the CCs. Type 2 thermal straps were used and no coupling block was attached. The condenser 1 and condenser
2 (C1/C2) sinks were kept at 273K/273K, and the ambient temperature was 295K. With a heat load of SW/5W to
evaporator 1 and evaporator 2 (E1/E2), the loop natural operating temperature rose above 297K. The loop operating
temperature was stable at 296K when the E1/E2 heat load was increased to 10W/10W. When both CCs were
controlled by TECs, the operating temperature was kept at 290K, below the ambient temperature, at heat loads of
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10W/10W and SW/SW. The required TEC power was less than 3W during the transient and only a small fraction of
I'W during the steady state operation. The loop would not be able to operate at 290K if electric heaters alone were

used to maintain the CC temperatures.

Figure 16 shows the loop temperatures
in a test where the heat load to EI/E2
varied between 75W/OW and OW/75W
while the C1 sink temperature was kept at
273K and C2 sink temperature varied
between 263K and 293K. Type 2 thermal
straps were used and no coupling block
was attached. The TECs were able to
control the loop operating temperature at
303K at all times regardless of whether
CCl1, CC2, or both were being controlled at
the set point temperature, and regardless of
changes of the evaporator heat
distribution and the condenser sink
temperature. The TEC power needed to
maintain each CC temperature was no
more than 3W, which was typical for all
tests.

Extensive tests were conducted on the
MLHP to verify the TEC temperature
control function in the laboratory and
thermal vacuum environments>">. This
paper focuses on the power savings
realized by using TECs when compared to
using electric heaters. Tests were also
conducted to investigate the effects of
thermal strap conductance and the number
of coupling blocks on the control heater
power requirements. Tests were conducted
by varying the evaporator power and the
condenser sink temperature. Table 2
presents the entire test matrix.
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There were nine test groups, and each TIME (HHM1)

group comprised two tests. In the first test,
both CC1 and CC2 were maintained at
303K, and both C1 and C2 sinks were kept
at 273K. In the second test, both CCl and CC2 were maintained at 313K, and both C1 and C2 sinks were
maintained at 253K. When an electric heater (EH) was used to heat the CC, the applied voltage was continuously
adjusted until the CC temperatures was within £0.5K of the set point temperature and the heater was no longer
cycling on and off. The electric heater power was obtained by multiplying the measured voltage by the measured
current. When a TEC was used, the applied voltage was automatically adjusted by the control algorithm using a
proportional/integrator scheme. In most case, a steady state was reached within 10 minutes although the test
continued for 30 minutes at each power level. The power consumed by the TEC was calculated by multiplying the
measured voltage by the measured current. The TEC power had a low voltage and a high current. Therefore, the
voltage was measured directly across the TEC so as to exclude the voltage drop along the wires between the power
supply and the TEC. This was important because the line voltage drop was typically larger than that across the TEC
itself. It should be noted the relationship between the measured current and the measured voltages across the TEC
matched those shown in Figure 5.

The power saving of using a TEC to heat the CC as compared to using an electric heater will be discussed first.
Unless specifically stated, type 2 thermal siraps were used in all tests. Figure 17 shows the results when both CCs
were maintained at 303K and both condenser sinks were kept at 273K. There was no coupling block between the
vapor line and the liquid line. Using an electric heater to heat CC1, the required heater power ranged from 1.5W at
an evaporator heat load of 20W to 2.5W at an evaporator heat load of 70W. By comparison, using TEC1 to heat

Figure 16.  Saturation Temperature Control Using TECs
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CCl, the required TECI power was less
than 0.4W for all heat loads. Similar
results were obtained when using TEC2
to heat CC2. Thus, the required TEC
power was less than 20 percent of the
electric heater power. The power savings
was derived from the heat transmitted
from the evaporator to the CC through
the thermal strap. The amount of heat
transmitted through the thermal strap
was calculated from Eq. 10 using the
strap thermal conductance and the
temperature difference across the strap at
each evaporator heat load, and is shown
in Fig. 17 in pink colors. This value
agreed very well with the measured
power savings, which was the difference
between the electric heater power and the
power applied to the TEC.

Power Saving (CC1/CC2=303K/303K, C1/C2=273K/273K, No HXB, Strap#2)

—&—TEC1 Power —~3+-TEC2 Power —&— Qabs1=Qstrapt

80

—{}— Qabs2=Qstrap2 —E—EH1 Power ~d 3 EH2 Power
3.0
25
g W
515
ES =5
& D/
1.0
05
00 7 T T T T T T
0 10 20 30 40 50 60 70
Power to £1 and E2 Each (W)
Figure 17. Power Required to Control CC Saturation
Temperature at 303K

Table 2. Summary of Tests Performed

Test | Strap | Heating | No. of | CC1/CC2 CSIi;Ckz Power Applied to EI/E2
Group | Used | Method | Blocks | Temp (K) Temp (K) %
: 303/303 | 273/273 |20/20, 30/30, 40/40, 50/50, 55/55, 60/60, 65/65, 70/70
1 1 TEC 2 10/10, 20/20, 30/30, 40/40, 50/50, 60/60, 65/65, 70/70,
313/313 | 253/253 75175, 80/80
303303 | 273273 10/10, 20/20, 30/30, 40/40, 50/50, 55/55, 60/60, 65/65,
5 1 TEC 0 70/70, 75/75, 80/80
313513 | 2537253 10/10, 20/20, 30/30, 40/40, 50/50, 60/60, 65/65, 70/70,
’ 75/75, 80/80
303/303 | 273/273 | 20/20, 30/30, 40/40, 50/50, 60/60, 70/70, 75/75, 80/80
3 1 EH 0 113513 | 253253 10/10, 20/20, 30/30, 40/40, 50/50 (insufficient heater
power)
303/303 | 273/273 |20/20, 30/30, 40/40, 50/50, 55/55, 60/60, 65/65, 70/70
4 2
TEC 2 3135313 | 253/253 éggg, 20/20, 30/30, 40/40, 50/50, 60/60, 70/70, 75/75,
303/303 | 273/273 |20/20, 30/30, 40/40, 50/50, 55/55, 60/60, 65/65, 70/70
2
5 TEC 0 313/313 253/253 éggg, 20/20, 30/30, 40/40, 50/50, 60/60, 70/70, 75/75,
303/303 | 273/273 | 20/20, 30/30, 40/40, 50/50, 55/55, 60/60, 65/65, 70/70
6 2 EH 0 313313 | 253/253 éggg, 20/20, 30/30, 40/40, 50/50, 60/60, 70/70, 75/75,
. 303/303 | 273/273 | 20/20, 30/30, 40/40, 50/50, 55/55, 60/60, 65/65, 70/70
7 2 EH 2 313/313 253/253 ;8@8, 20/20, 30/30, 40/40, 50/50, 60/60, 70/70, 75/75,
303/303 | 273/273 |20/20, 30/30, 40/40, 50/50, 55/55, 60/60, 65/65, 70/70
8 2 TEC 3 313313 | 2531253 3;8551;8’ 20/20, 30/30, 40/40, 50/50, 60/60, 70/70, 75/75,
303/303 | 273/273 | 20/20, 30/30, 40/40, 50/50, 55/55, 60/60, 65/65, 70/70
-9 2 TEC 4 n 121 ~men | 10710, 20/20, 30/30, 40/40, 50/50, 60/60, 70/70, 75/75,
313/313 2537253
80/80
9
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Figure 18 shows the results when tests were conducted under the same conditions except that both CCs were
kept at 313K and both condenser sinks at 253K. As the difference between the CC set point temperature and the
condenser sink temperature increased, the liquid subcooling also increased. Thus, the required electric heater power
and the TEC power both increased. Test results show that, the required TEC power was less than 35 percent of the
required electric heater power, Moreover, the heat transmitted from the evaporator to the CC through the thermal
strap agreed very well with the measured power savings. Tests were then conducted by installing two aluminum

blocks connecting the vapor and liquid
lines.

Figure 19 shows the power required
to, maintain the CCs at 303K when the
condenser sinks were kept constant at
273K. When only electric heaters were

used to heat the CCs, adding two

coupling blocks on the transport lines
reduced the required electric heater
power by 30 to 40 percent. Similar
savings on the required TEC power was
obtained by adding two coupling blocks
on the transport lines when TECs were
used to heat the CCs. Figure 20 shows
the results on tests where both CCs were
maintained at 313K and both condenser
sinks at 253K. Again, adding two
coupling blocks saved the required
electric heater power by up to 40 percent,
and the required TEC power by up to 50
percent. Both figures show that using
TECs could save much more electric
heater power than adding two coupling
blocks. :

. Although it is true that adding more
coupling blocks would reduced the liquid
subcooling and the required electric
heater power to maintain the desired CC
temperatures, such an action could have
undesirable effects on the LHP operation
at low evaporators powers and during the
start-up transient unless TECs were also
used. No test was conducted by adding
more than two coupling blocks when
electric heaters were used to heat the
CCs. However, tests were performed to

" evaluate the effect of adding two, three
and four coupling blocks when TECs
were used to heat the CCs. The results
are shown in Figures 21 and 22.
Although adding two coupling blocks
reduced the required TEC power

Power Saving (CC1/CC2=313K/313K, C1/C2=253K/253K, No HXB, Strap#2)
—a—TEC1 Power —o— TEC2 Power —a— Qabs1=Qstrapt
—o— Qabs2=Qstrap2 —a-- EH1 Power —o— EH2 Power

2

\
R\

0 10 20 30 40 50 80 70 80 90
Power to E1 and E2 Each (W)

Figure 18. Power Required to Control CC Saturation
Temperature at 313K

TEC & HXB Pow er Saving w ith New Thermal Straps
(CCHCC2=303K/303K, C1/C2=273K/273K) Strap#2

24
o

—— No HX8 (EH1)

., A —o—No HXB (EH2)

—8— 2 HXBs (EH1)

/D/O/ =" —0—2 HXBs (EH2)
.78 —=m— No HXB (TEC1)
/..//:—//D——D/lj —o—No HX8 (TEC2)
—m— 2 HXBs (TEC1)
—0-2 HXBs (TEC2)

N
123

- N
o (=]

|

TEC & Heater Power (W)

o
2

0.0

K.

Power to E1 and E2 Each (W)

Figure 19. Power Required to Control CC Saturation
Temperature at 303K

significantly when compared to no coupling block as discussed earlier, adding more than two coupling locks did not
appear to have any effect on the required TEC power. In fact, the test data scattered, possibly due to uncertainties in
measurements of the voltage and current across the TECs at such low values.

" Tests were also conducted by using Type 1 thermal straps to study the effect of strap thermal conductance on the
required TEC power. Figure 23 shows the results when both CCs were kept at 303K and both condenser sinks were
kept at 273K, while Figure 24 shows the results when both CCs were kept at 313K and both condenser sinks were
kept at 253K. A higher strap thermal conductance allowed heat to be transmitted more easily from the evaporator to
the TEC cold side, and made the TEC work more efficiently. Consequently, the required TEC power reduced.

10
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TEC & HXB Power Saving with New Thermal Straps(Strap#2)
{CCUCC2=313K/313K. C1/C2=253K/253K)
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Figure 20 Power Required to Control CC Saturation Temperature at 313K
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Figure21. Required TEC Power as a Function of Number of Coupling Blocks
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Hfect of the nunber of HXBs
(CC1ICC2=313/313K, C1/C2=253/253K)
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Figure 22,
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Figure 23. Required TEC power Using Different Thermal Straps
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Comparison between New and Old straps
{CCHICC2=313KI313K, C1/C2=253K/253K)
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Figure 24. Required TEC power Using Different Thermal Straps

V. Conclusion

" This study investigated the use of TECs and coupling blocks to control the saturation temperature of the CCs in a
miniature LHP with two evaporators and two condensers. Experimental results show that TECs were able to control
the LHP operating temperature within £0.5K of the desired set point temperature regardless of changes in the
evaporator heat load and/or the condenser sink temperature. The TECs could provide both heating and cooling to the
CCs as opposed to heating only when traditional methods were used. Moreover, using a bipolar power supply, the
TEC could automatically switch from heating to cooling to control the CC temperature. When heating the CCs, the
required TEC power was significantly less than the required electric heater power.

The coupling blocks pre-heated the cold liquid returning to the CC, thus reducing the liquid subcooling and the
required control heat power regardless of whether TECs or electric heaters were used. The combination of TECs and
coupling blocks could provide an optimal means to control the CC saturation temperature while augmenting the
range of the evaporator power under which the CC temperature could be controlled. The ability of the TEC to cool
the CC should also enhance the success of the LHP start-up with low evaporator heat loads.
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