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Abstract—An experimental analysis of several operating parameters for a low temperature, copper—water

heat pipe under uniform circumferential heating and block heating has been performed. The transient wall

and vapor temperature behavior under different step heat inputs was determined. The experimental and

analytical capillary limit and the rise time to a 60°C vapor temperature was found for both modes of
heating.

1. INTRODUCTION

ELECTRONIC circuitry has traditionally been cooled
by forced or natural convection, but as VLSI tech-
niques have improved, the amount of excess heat gen-
erated by electronic chips has increased dramatically.
It has been proposed to employ heat pipes to remove
this heat by directly attaching the heat pipe to the
surface of the chip. This heating situation will be
termed ‘block heating’, as opposed to ‘circumferential
heating’, which is normally associated with cylindrical
heat pipes.

Experimental data have been reported for circum-
ferential heating in both low- and high-tempera-
ture heat pipe applications under steady-state and
transient operation. The most recent efforts in this
respect were those of Faghri and Thomas [1] con-
cerning annular heat pipes and Faghri and Buchko
[2] for heat pipes with multiple heat sources. The
experimental heat pipe used by Rosenfeld [3] con-
sisted of a cylindrical pipe with a narrow block-heated
evaporator called a line heater, and a circumferentially
symmetric condenser section with a sintered-metal
artery wick. The liquid-filled artery was on the side
opposite the line heater. The experimental data taken
from this heat pipe were strictly for steady-state
operation, and no data were reported concerning the
transient operating characteristics or capillary limit.

In the present study, the wall and centerline vapor
temperatures and heat output were obtained for a
circumferentially-heated and block-heated heat pipe.
The objectives were to determine the elapsed time
to reach a 60°C vapor temperature from an initial
ambient temperature of 21°C after a step heat input,
observe any differences in the steady-state wall and
vapor temperatures, and compare the experimental
capillary limit of the heat pipe over a range of vapor
temperatures to the generalized analytical capillary
limits developed in this study for block-heated pipes.
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2. EXPERIMENTAL SET-UP AND TEST
PROCEDURES

The schematic of the experimental heat pipe test
stand is shown in Fig. 1. The low temperature heat
pipe consisted of a copper pipe sealed with copper
end caps containing two wraps of copper screen of
1968.5 meshes per meter for the wick and degassed,
distilled water as the working fluid. The heat pipe was
1000 mm long with a 25.4 mm outer diameter and a
1.7 mm wall thickness. Table 1 shows the physical
dimensions and properties of the materials used in
the experimental low temperature copper—water heat
pipe.

Two Minco Thermofoil heaters, each with a
maximum heat input of 250 W at 250°C, were used as
evaporator heat sources. The circumferential heater
covered the entire circumference of the pipe from
0.015 to 0.079 m measured from the evaporator end
cap, and the block heater covered the top half of the
circumference from 0.089 to 0.216 m as shown in Fig.
2. The surface area of the circumferential heater was
5.107 x 10~ *m?and the block heater 5.080 x 107 m?.
This resulted in the heat fluxes from the heaters being
within 0.5% for a fixed total heat input. The heat
input was determined by measuring the voltage and
the amperage with a FLUKE-77 digital multimeter.
The combined uncertainty of the power reading was
+3%. The voltage was regulated using a variable AC
transformer. A vapor temperature of 60°C was chosen
as the reference temperature to keep the heaters from
exceeding their safe operating temperatures.

A Neslab CFT-25 chiller supplied water at a con-
stant inlet temperature to the condenser. The chiller
had a maximum capacity of 500 W over a coolant
temperature range of 5-30°C. A calibrated flowmeter
was used to determine the volumetric flow rate of
water through the condenser. The heat pipe was
mounted on an optical bench to facilitate leveling.
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A cross-sectional area [m?]

C ratio of the screen mesh diameter to the
opening width of the screen, d/w,

D ratio of the screen mesh wire diameter to
the wick thickness, d/t,,

D, dynamic pressure coefficient
[Nm~ W=7

d screen mesh wire diameter [m]

d, container inner diameter [m]

d, wick inner diameter [m]
frictional pressure coefficient
[INm—*W~'m™']
(/.Re,) drag constant
gravity constant [m s~?]
latent heat [J kg™ ']
wick permeability [m?)
length of heat pipe [m]
total adiabatic section length [m)
condenser length [m]
evaporator length [m]
. effective total transport length [m]
pressure [N m~?)
capillary pressure [N m~?)
.  Maximum capillary pressure [N m~?]
normal hydrostatic pressure [N m~ 2]
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NOMENCLATURE

o axial heat transport [W}]
Qcmax  analytical capillary limit [W]
Q*  local axial heat flux rate [W]

Q axial heat rate per unit circumferential
length [W m~"}

R,.. average liquid-wick radius [m]

rn,  hydraulic radius of vapor flow [m]

T wick pore radius [m]

ly wick thickness [m]

W, screen mesh opening width [m]

z axial location [m].

Greek symbols

£ wick porosity

0 circumferential angle [rad]

U dynamic viscosity [kgm™"'s~']

) density [kg m~?]

o surface tension [N m~']

¥ heat pipe inclination angle [rad].
Subscripts

1 liquid

ref  reference

v vapor

w wick.

The condenser, coolant plumbing, and heat pipe were
insulated with at least two inches of Fiberfrax ceramic
fiber insulation.

The heat pipe was instrumented with 14 outer wall
and 6 vapor centerline Type K and Type T thermo-
couples, which had uncertainties of +0.5°C. Two
Type K thermocouples measured the inlet and outlet
temperatures of the condenser coolant. Figure 3
shows the physical locations of the thermocouples.

Bypass Valve 7

The elapsed time required for the copper-water
heat pipe to reach a vapor temperature of 60°C after
the application of a uniform step heat input of 25, 50,
75, 100, 125, and 150 W was determined for cir-
cumferentially-heated and block-heated operations.
After the vapor temperature exceeded 65°C, the cool-
ant flow was started through the condenser and
the heat pipe was allowed to reach a steady-state
condition. The inlet temperature of the coolant was
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FIG. 1. Schematic of experimental setup.
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Table 1. Physical dimensions and material properties of the
circumferentially-heated and block-heated heat pipe

Pipe and end cap material Copper

Pipe O.D. 2.54%10"2m
Pipe 1.D. 220x107?m
Pipe length 1.0m

End cap thickness 3.175%x107*m
Wick material Copper

Screen mesh number 1.97x10° m~!
Wick thickness 7.12x107*m
Wick pore radius 1.78x 10~ * m
Vapor core diameter 2.058x107*m
Working fluid Distilled water
Fluid charge 40 cm?
Circumferential evaporator length 64%x107*m
Block evaporator length 1.27x107"' m
Circumferential mode transport length 6.0l x10™' m
Block mode transport length 461x10"'m
Condenser length 269%x107"' m

held constant at 27.5+2.5°C, and the flow rate was
adjusted to maintain vapor temperatures of 65-75°C.
Higher heat inputs were not tested because the peak
wall temperature under the heaters would have
exceeded their design limitations. Wall and vapor tem-
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peratures and the heat output from the condenser
were recorded. Between tests, a minimum of 8 h was
allowed for the heat pipe to cool to room temperature.

The capillary limit was defined as the heat input at
which the wall temperature directly underneath the
heater exhibited a continuous sudden temperature
rise. This condition occurs when the amount of con-
densate being evaporated exceeds that being brought
into the evaporator region by the capillary action of
the wick, which dries out the wick and causes the
evaporator wall temperature to increase.

For both heating modes, the capillary limit was
determined by starting the heat pipe with a heat input
of 50 W until the desired vapor temperature was
reached. The coolant was then regulated through the
condenser to keep the vapor temperature constant.
For the tests performed at vapor temperatures below
room temperature, the coolant was used to lower the
vapor temperature to the test condition, and then the
heater was turned on. After the coolant temperature
had stabilized, the heat input was slowly increased in
increments of approximately 50 W until the heat input
was close to the capillary limit. The heat input
increments were then changed to 5-10 W until the
capillary limit was reached. The heat pipe was allowed

i
25.4 4 [

All Units in Millimeters
]
1000
216
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320 { 79
e ,J -‘ 15
m | vz ///%:}
Condenser Adiabatic Circum—
ferential-
Heater
Block—
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FIG. 2. Experimental heat pipe configuration.
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TC  Location TC Location TC  Location
(mm) (mm) (mm)
1 125 10 140 19 750
2 403 11 400 20 800
3 554 12 368 21 850
4 634 13 52 22 900
5 834 14 470 23 960
6 990 15 554 24 960
7 27 16 634 25 990
8 140 17 700 26 n/a
9 10 18 700 27 n/a

FIG. 3. Heat pipe thermocouple locations.



204 J. SCHMALHOFER and A. FAGHRI

to reach steady-state conditions at each heat input
by waiting a minimum of 20 min after the vapor
temperatures had stabilized. The temperature directly
underneath the heater was allowed to continuously
rise for 25°C to verify that the wick had dried out.
Two runs were performed for each vapor temperature
under each heating mode to assure repeatability.

3. GENERALIZED ANALYTICAL PREDICTION
OF CAPILLARY LIMIT FOR BLOCK
HEATING

A simple, two-dimensional analysis was developed
to predict the capillary limit based on the physical and
material properties of the pipe, wick, and working
fluid. The following assumptions were made ; uniform
heat addition in the heated region and heat removal
in the condenser section, uniform vapor and liquid
temperatures, laminar liquid and vapor flow, steady-
state operation, and axisymmetric liquid flow about
the centerline in the wick of the adiabatic and con-
denser sections. This analysis does not assume an
axisymmetric liquid flow about the centerline in the
evaporator section. This development is an extension
of the conventional method by Chi [4] for circum-
ferential heating to block heating. The pressure
balance in a closed heat pipe is:

Pc(:) = [P\'(Z)~P\4(zrcf)]+[Pl(:rcf)—Pl(z)]- (l)

As the heat load increases, the capillary pressure
given by equation (1) increases. This is caused by the
increase in the pressure difference between the liquid
and vapor regions. For a given liquid~wick combi-
nation, the maximum capillary pressure generated is

20

Pcm

Fo

The liquid pressure gradient is related to the
frictional drag and the gravitational force [4]

[(P(2) = Pi(zer)] = L (=FQ*tpgsiny)dz (3)

where z = 0 refers to the condenser end cap and

H
F=—1—-——
: KAwhrgpl
PO
122(1 —¢)*
_ zCD
2(1+C)

LT
Aw _4(d| dw)

Similarly, the vapor pressure drop can be expressed
in terms of the local axial heat flow rate.

L d *)2
[P (Goer) — Pu(2)] = f (FVQ*—D\, (f__’ )d: @

0

where

_ _URep,
Y240 p
For cylindrical heat pipes
(f\Re,) = 16
A, = Ed;:
d,
'py = 7 .

For closed heat pipe systems [4]

J‘—D‘.d(Q*)- dz=0

0 d:

so equation (4) simplifies to

[J

[Pv(:rcl‘)_Pv(z)] = J“F\,Q* d-. (5)

0

In the block-heated heat pipe, the circumferential
distribution of the local axial heat rate is not uniform
in the evaporator section, therefore, the local axial
heat rate is defined as:

0*() = f Q'(z.0)R,.. dO (6)

where Q’(z,0) is the axial heat rate per unit cir-
cumferential length and R,,. is the average radius of
the liquid—wick.

The maximum possible capillary pressure is reduced
by the effects of the gravitational field on the cir-
cumferential movement of liquid in the wick [4].

Ppm=Pcm_Pn (7)
where
P, = pgd cosy. (8)

Substituting equations (2), (3), (5)., (7), and (8) into
equation (1) and assuming a zero inclination angle
yields

20, L
——plLgd = | (F.O*+FQ%dz.
p 0

Collecting the constants and substituting equation (6)
gives

20

— —pLgd,

rP

F+F

fQ*dz=j JRQ’(Z,O)Ravchdz. ©)
] 1] 0

The capillary limit is determined by integrating equa-
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tion (9) and then solving the resulting equation for
the capillary limit. In the uniform, circumferentially-
heated heat pipe, the integral with respect to do
simplifies to a constant times Q*(z) since Q'(z,6) is
uniform in the circumferential direction.

0%(2) = Q'(z, 0)2nR,,.. (10)
For the circumferentially-heated heat pipe equation
(9) becomes

20
R —pLgd,

—E;‘V—-i-‘l‘:;_ = J; Q*(Z) dz.

Q)

For the block-heated heat pipe, the capillary heat
transport factor is two-dimensional in the evaporator,
so Q’(z, 0) is defined for each section of the heat pipe.
For the condenser and adiabatic sections, a uniform
axial heat rate is assumed.

ForO0<:z< L,

QC max :
’ = - — b
Q20 =5~ R. L (12)
ForL. €z< L +L,
e Qc.mnx
Q0 =572 13)

Two separate equations are needed for the axial heat
rate per unit circumferential distance for the heated
region and the insulated region in the evaporator
section. The uniform radial heat flux in the heated
region creates a linear relationship in the axial heat
rate from the uniform value at the adiabatic/
evaporator section boundary to zero at the evaporator
end cap. The heat rate per unit circumferential length
in the heated region of the evaporator section is
described by the following equation.

ForL.+L,<z<Land0<0<n=

L—=z 1
cun- (o5

Since there is no heat transfer through the walls of
the insulated region of the evaporator section, the
liquid must be transported from the insulated region
to the heated region before it can be evaporated. An
average transport length was developed from the
maximum and minimum transport lengths. The mini-
mum transport length is along the interface between
the heated and insulated regions of the liquid—wick
and is equal to the evaporator length. The maximum
transport length in the evaporator occurs for flow
entering the evaporator section directly opposite of
the center of the heater. The maximum travel length
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for this flow is the evaporator length plus one half the
circumference. The average of these two values is

LY+ (L+nR,,
(L)+(L+mn “‘°)=L+§Rm.

2 2 (15

Equation (15) was then used to determine a linear
equation for Q'(z,0) in the insulated region of the
evaporator.

For L+L,<z<Lgandn<0<2n

Lcﬂ'_: 1 Qc.mux
n (an)< 2 > (16)

L.+ =R
C+2 ave

Q'(z.0) =

where L. is the effective travel length and is equal to
L+(n/2)R,,. in this case. Q’(z,0) is then substituted
into equation (9) and a solution is found in terms of

Qc.mur

20

- —piLgd, ® (L (0 -

P R <, max ; :R
e =), L (SN D) e
2 (L.+1

N i QC.m(lX -
+ 0 J;c <2nRa\'c d‘RUVL‘ d()

o

fr L
L—-z 1 Qc.m;\,\ ~
+~ 0 J;—'«.- < Lc )(nRavc>< 2 >d- Roe a0

n -
(f2n J‘L‘,r L+§anc—-’~ ( | )
+
Jr L-L, Lc+ ERMC ﬂRavc
2
X (@) dzR,,. d0
2
20
— —pLgd,
nh
F,+F
Qc.mnx = o (17)

L°+L L. ER
2 1!+2+8 ave

The term (n/8)R,.. in the denominator of equation

4000
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8 2500 A
o
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FIG. 4. Time for heat pipe vapor temperature to reach 60°C
vs step heat input.
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FiG. 5. Transient starting temperature profiles of the circumferentially

(a) Vapor temperatures. (b) Wall temperatures.

led to the following : a comparison of the elapsed time
between the two modes of heating is discussed ; the
vapor and wall temperatures during the transient

(17) cancels out during the integration for cir-

cumferential heating and the resulting equation is

identical to that given by Chi [4].

state conditions are pre-

the experimental and analytical capillary

limits using both modes of heating were determined
for several vapor temperatures; a comparison be-

up and the steady-

sented ;

start

3

4. RESULTS AND DISCUSSION

The time needed for the heat pipe vapor tem-
perature to reach 60°C was recorded under cir-

tween the two modes of heating and between the

analytical and experimental results is made.

cumferential heating and block heating. These records
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FiG. 6. Transient starting temperature profiles of the circumferentially-heated heat pipe for 150 W.
(a) Vapor temperatures. (b) Wall temperatures.

4.1. Elapsed time to 60°C vapor temperature
Figure 4 presents the time required for the heat
pipe vapor temperature to reach 60°C to compare the
transient response of the heat pipe in circumferential
and block heating modes. There was no significant
difference in the response time between the two oper-
ating modes. The differences that were seen can be
attributed to the variations in the starting vapor tem-
perature and the resolution of the transient data. The

data were taken at 50 s intervals and so the resolution
of the transient data was limited to +50 s. This was
the minimum time required by the data recording in-
strumentation for the calculation, display, and record-
ing of the temperatures. The starting temperature of
the heat pipe varied from 21 to 24°C. By an energy
balance it can be seen that as heat was put into the
heat pipe and no heat removed by the condenser, the
internal energy of the heat pipe increased. As the heat

207



208

J. SCHMALHOFER and A. FAGHRI

=

Y

o

o
-
°

7/

-\

/

(a)

N
e

//7//

= |

//

%‘E‘-—-

"-"""-'--“'.-u

-“-..1-__--:%\%%’

|
\

///4//////////7

\

1=

I il
I |1 o
I'\I‘H ”’jl

\%m‘mm m
———
II\;IH (1

|

il o

1008 12
0.0 25.0 %0
<
=]
-]
Oe
ng
[
» .
e -
wo = M
v~ = I
- ——— i i
we . :
ue S,
e SESSSSS
do T e
5 S Saeea
a2 S S eSS SSs
e A L oy S S Sy LN o B ~
8% I FFIIIIIA]
=3 I T TIITIIN
20 T T IFIITED
SSSSSSSSSS
AT IITEER
. S SSSeSN
RS SSSSSSN:
Vittan, 4 03 Tt P I
Deg Ny NN
urn ) 5 ..=§§
El‘ld CQ Og =y
Pl "o
(b) Lo

F16. 7. Transient starting temperature profiles of the block-heated heat pipe for 50 W. (a) Vapor tempera-
tures. (b) Wall temperatures.

input was increased, the rate at which the internal
energy rose also increased and therefore the vapor
temperature rose more quickly. It was concluded that
the heat pipe time response to a step heat input was
the same for both heating modes.

4.2. Transient and steady-state temperature com-
parisons

The transient vapor and wall temperatures for step
heat inputs of 50 and 150 W are shown in Figs. 5 and

6 for circumferential heating, and in Figs. 7 and 8 for
block heating, respectively. The wall temperatures
shown in these figures are from the top of the heat pipe.
The transient vapor centerline temperature profiles
for both circumferential (Figs. 5(a) and 6(a)) and
block heating (Figs. 7(a) and 8(a)) modes show very
little axial variance in the vapor temperature of the

heat pipe at these heat inputs. This flat axial profile is
common in low temperature heat pipes in which no non-
condensable gases are present in the heat pipe [2, 4].
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The transient wall temperature profiles for both
circumferential (Figs. 5(b) and 6(b)) and block heating
(Figs. 7(b) and 8(b)) modes show that the temperature
spike directly underneath the heater develops almost
immediately upon the application of heat. Also, the
remainder of the wall temperatures remain axially
uniform throughout the transient period. Except for
the fact that the peak temperature in the block heating
mode was higher than the circumferential heating

heat pipe.

state condition.
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heat pipe for 150 W. (a) Vapor

mode for a given heat input, there were no significant
differences observed in the transient response of the

After the coolant had been started through the con-
denser, the heat pipe was allowed to reach a steady-

Figures 9 and 10 show a comparison

of the initial and final wall and vapor temperatures
for both heating modes for heat inputs of 50 and
150 W. No effort was made to match the final vapor
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F1G. 9. Vapor and wall temperature vs axial distance from evaporator end cap for 50 W step heat input.

temperatures between the circumferential and block
heating modes. Instead, a constant coolant flow rate
and constant inlet temperature were maintained for
each heat input. This was the cause for the slight
difference in the steady-state vapor and wall tem-
peratures in the 50 W heat input test. When this
difference was taken into account, it was determined
that the steady-state vapor and wall temperatures for
both heating modes were similar, except for the wall
temperatures in the region around the evaporator.
Since the two evaporators were not in the same physi-
cal location, the difference in the location of the wall
temperature peaks was expected. The peak wall tem-
perature for the block-heated mode was higher than
the circumferentially-heated mode for all heat inputs
studied.

At the higher heat inputs, a temperature trough
developed at the beginning of the condenser section
when the coolant was allowed to flow through the
condenser. This was caused by the large temperature
difference between the coolant inlet temperature and

the wall temperature at the beginning of the con-
denser.

4.3. Capillary limit

The experimentally determined capillary limits for
both modes of heating were compared with the ana-
Iytical predictions with good agreement. The physical
dimensions of the heat pipe and the material prop-
erties of water were substituted into equation (17)
and the analytical capillary limit was determined for
several vapor temperatures as shown in Fig. 11. The
experimental capillary limits are also shown in this
figure.

The analytical methods used to determine the capil-
lary limits were in agreement with the experimental
data for both heating modes. For the block-heated
experiment, the experimental capillary limit at 20°C
vapor temperature was unobtainable because of
insufficient coolant flow capacity in the condenser.
The experimental capillary limits for the block heating
mode at 80 and 100°C could not be determined
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F1G. 10. Vapor and wall temperature vs axial distance {rom evaporator end cap for 150 W step heat input.

because the limit was above the maximum heat input
of the heater. For the experimental capillary limits
reported, there was good agreement with the ana-
lytical calculations. The analytical prediction provides
a conservative estimation of the capillary limit of the
heat pipe under block heating. There was a maximum
error of 10% between the experimental limits and the

300
275
250
225
200 +
175
150
125 +

analytical limits for the circumferentiaily-heated heat
pipe, and a maximum of 25% for the block-heated
heat pipe.

The experimental capillary limits for block heating
are higher than those for circumferential heating. This
was partially caused by the shorter adiabatic section
in the block-heated heat pipe. Faghri and Buchko {2]
showed that decreasing the adiabatic transport length
significantly increased the capillary limit. The ana-
lytical capillary limits calculated for this study also
show this trend. It was observed in both the analytical
and experimental predictions that there was a sig-
nificant increase in the capillary limit for both modes
of heating as the vapor temperature increased. This

100 4
75
50
25

Capillary Limit (W)

’Analytical Circumferential Heating
o Experimental Circumferential Heating

0 Experimental Block Heating

was due to the decrease of the viscosity of liquid water.

5. CONCLUSIONS

0 T T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100 110 120
Vapor Temperature (°C)
Fi1G. 11. Analytical and experimental capillary limit vs vapor
temperature for circumferential and block heating modes.

A copper—water heat pipe with both circumferential
and block heaters was used to determine several tran-
sient and steady operating characteristics under each
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heating mode. There were only very small differences
in the elapsed time for the heat pipe to reach 60°C
between the circumferential heating and block heating
modes, with the largest differences seen at the low heat
inputs. The vapor temperatures remained within 1°C
of each other during the entire transient start-up. The
fast time response of the heat pipe to block heating
makes it as effective in electronic cooling as other
conventional applications. The peak wall temperature
during transient start-up for the block-heated heat
pipe was slightly higher than the circumferentially-
heated heat pipe. The vapor and wall temperatures
at steady state were not significantly different either,
except for the wall temperatures in the region around
the evaporator.

The experimental capillary limits determined for a
copper—water heat pipe in circumferential and block
heating modes were compared with the analytical
values calculated using equation (17). The analytical
predictions were within 25% of the experimental
limits. The capillary limits for block-heated operation
were slightly higher than the circumferentially-heated

limits. This can be partially attributed to the shorter
adiabatic transport section of the block-heated hcat
pipe. The capillary limit increased significantly with
an increase in vapor temperature for both heating
modes.
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