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Abstract—Detailed frequency response data were obtained experimentally using a number of water heat
pipes with compressed bronze screen as the wicking material. The experimentation involved subjecting the
heat pipes to step change in heat input and converting the time response data to frequency response via
Fourier transformation. Variations in such parameters as operating temperature, condenser area,
evaporator area, and wick thickness were achieved in order to study their effects on the system dynamics. The
results obtained were compared with a proposed theory to validate the latter. Apart from providing
quantitative information on the hitherto unavailable frequency domain dynamics, the results also elucidate
the influence of experimental variables on the dynamics.

NOMENCLATURE

A, input step magnitude;

C, heat capacity;

dy,  outside diameter of heat pipe;

d,, vapor core diameter;

D, (/)

F, forcing function;

G(s') } , system transfer function ;

G(jo)

h, heat-transfer coefficient ;

H, specific enthalpy;

Im, imaginary part of the system transfer
function ;

i (=

K, thermal conductivity;

L, length;

M,, mass of vapor occupying the vapor space;

Ng;, Biot number, h;y,/K,,;

Q(t), rate of heat transfer to the sink;

R, K,/K,;

Re,  real part of the system transfer
function ;

s, Laplace parameter ;

t, time;

t, time at which the response reaches the
steady state;

T, temperature;

X, axial coordinate ;

x(s), Laplace transform of the system input ;

x(t), systeminput;

X, dimensionless length, x/L, ;

Vs transverse coordinate;

y(s), Laplace transform of the system output ;

y(t), system output;

Vm»  metal wall thickness;

*Present address: Reactor Research Centre, Kalpakkam
603102, India.

1333

Vs combined thickness of the wall and the
wick ;
Vw»  wick thickness.

Greek symbols
o, thermal diffusivity;
7, defined by equation (4a);
&, wick porosity;
n, dimensionless transverse coordinate,
Y/Ves
Nms  dimensionless wall thickness, y,./y,;
a, dimensionless heat flow, Q(t)/Q, ;
&, dimensionless temperature,
ndo LK, T (v, 8)/Q,;
w, angular frequency.
Subscripts
c, condenser;
e, evaporator;
i, input;
l, liquid ;
m, metal wall ;
0, output;
s, steady state;
S, screen ;
L, total ;
v, vapor;
w, wick.

INTRODUCTION

THE IMPORTANCE of frequency response data in model
checking, parameter evaluation, rational system de-
sign and optimization of feedback control need hardly
be emphasised. Such applications of frequency re-
sponse, for example, have been extensively illustrated
by Hougen [ 1]. Nonetheless, very little information is
available in the literature on frequency domain dy-
namics of heat pipes. The only published data to date
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in this area seem to be the ones reported by Groll and
Zimmermann [2] on measured step and sinewave
response characteristics of different heat pipes under
normal operating conditions. Their results, however,
are too limited to provide a detailed knowledge of the
system dynamic behaviour. The other available exper-
imental dynamic data on heat pipes essentially deal
with aspects of startup [3,4] and transient response
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results in a set of six partial differential equations
which are solved via Laplace transform with the aid of
appropriate initial and boundary conditions. This
procedure yields the transfer functions relating several
input-output pairs of variables of interest. Thus, the
transfer functions relating vapor temperature, ¢, and
heat transfer to the sink, o,, to the evaporator and
condenser side forcing functions (F, and F ) are found
to be [7, 11}

G..(5) = 9u(5) _ (NaGy =N, 636, 62X, {1
F.(s) G(s)
G,.(s) = o) _ V26 =N, G2)G, G X, )
(s} G(s) ’
Ca,(s)  NurG,X X,
G (s) = oX — 4hYaRed. ,
ael8) F.(s) Gs) {3)
and
o,(s)
G, (s) ==
ac(8) F )
rGaX | Nyx, 1 G20 N 71 Go)(3Ga+r Gy)
S SR RDy , |
Gls) o )
where
[5.6]. G
. o . . = cosh ryn, coshr,(1—7,);
It is thus the objective here to provide extensive (‘1 _ 1+RD“1 coshra( ’7"") .
5 : 1, = anhrn, tanhr,(1-—7,);
experimental frequency response data in order to G, = tanhr,n +RDtanhr,(1—n,);
differentiate the influence of heat pipe parameters G3 _ tanhrl(in—n )+RDt;nhr T )
(such as wick thickness, condenser area, evaporator 64 — N, Nz G 1'\"[ r,G,)X s
area, and operating temperature) on its dynamics. ’ VIR PR
! . L. +Ny(N,G3—NrG,) X5
Besides, the results will also be used to test the validity G, = (N,G,~N,rG ]
R o = (N,G3—= N r G} (NyGy— Nyr Gy);
of a model proposed earlier by the authors [7]. GG (r G
It is well-known that direct sinewave testing has G(s) = G, + WLJM@ .
several practical disadvantages, viz., prolonged test RDy
time, repeated experimentation at several discrete ry=(Ds)"* = (/D)
frequencies, need for a sinewave generator, and sus-
tained off specification output (varying sinusoidally in and
quality). To circumvent these problems pulse testing . K, (H,—~C,T.)nd, LY,
[8,9] was evolved which essentially involves in- = C.M, H,, (0,72
troduction of a nondescript nonperiodic input into the ‘ ’ da)
a

system and transformation of the resulting response
into frequency domain. This method, however, is
found to give reliable results only in the relatively low
frequency region (i.e. below 30 rad/min). The authors
[10] have therefore developed a dynamic testing
procedure for converting step response data (which are
normally easy to obtain experimentally) to frequency
response with greater precision and over a con-
siderably wider spectrum of frequencies. This tech-
nique is employed here to procure the required heat
pipe frequency response.

THEORY

Derivation of the mathematical model employed in
this work is indicated elsewhere [7]. Briefly this
involves dividing the heat pipe into two radial com-
ponents (wall and wick) and three axial components
(evaporator, adiabatic, and condenser sections). Ap-
plication of energy balance over these components

The dimensionless parameters N, N,. Ny and N4 in
the above equations and the dimensionless form of the
forcing functions, F, and F,, would depend on the
type of boundary conditions employed at the
evaporator—condenser outer surface. In other words,
from the general results shown above, transfer func-
tions pertinent to specific boundary conditions may
be derived. For example, for the case where heat o, is
supplied by resistance heating and removed by con-
vection (as in our experimentation), it has been shown
that [7]

N,=—X, N,=0. )
NJ = I/N}h' = Km/hcyt! N4 = 1
with the result equation (1) reduces to
. ¢.(8)  G(Gy+r G,/ Ny)
) = 2 = — 6
Grel$) ="005) "X.G (©)
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G=1+ GHG;3+71Gy/Np)(yGs+1,G,)
RDyX, )

Similar transfer function equations relating other
input—output variables can also be derived [ 7] for the
same or different boundary conditions.

The final equations, such as equation (6), may be
converted to theoretical frequency functions by replac-
ing s by jo and reducing the resulting ratio of complex
numbers to an equivalent amplitude ratio and phase
angle. To avoid algebraic complications, this was
achieved by coding the transfer function (equation 6)
directly in the complex mode and resolving it into real
and imaginary parts using the library functions avail-
able in our IBM 370/155 computer. The magnitude
and phase data thus computed constitute the theoreti-
cal frequency response of heat pipes. A discussion on
these theoretical results may be found in [7].

EXPERIMENTAL

Apparatus

Six heat pipes were designed and constructed in
order to evaluate their dynamic performance via step
testing. The experiments were planned to cover impor-
tant system and operating parameters. All the pipes
were of 2.0cm O.D. thin-walled copper tubing with a
working length of 42.0cm. Provisions were made to
vary the evaporator length from 11 to 32cm and the
condenser length from 10 to 21 cm. Compressed wicks
in three different thicknesses (viz. 0.25, 0.70 and
1.20 mm) composed of multilayered phosphor bronze
(95%, Cu) screens of either 150 or 250 mesh size were
employed. Each observed wick thickness resulted from
averaging 16 measurements made along the pipe
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length with a travelling vernier microscope having a
sensitivity of +0.01mm and this amounted to less
than 8% error in y, data. Water was chosen as the
working fluid in view of its compatibility with copper
and availability in pure form.

Extreme care was taken to clean the pipe and wick
material thoroughly before assembly. A good thermal
contact between the container inner surface and the
wick lining was achieved by adopting the following
fabrication procedure. The clean wire mesh was first
wrapped tightly several times around a carefully
machined and highly polished stainless steel rod such
that, when inserted, it just fitted into the copper pipe.
The entire assembly was then drawn under pressure
through a die to compress the wick layer. The stainless
steel rod was then removed simply by tapping it with a
mallet. The resulting wick structure formed a cold
mechanical bonding with the inside surface of the tube
and was found to be rigid and uniform throughout.
Fitting of two machined end caps with provisions to
connect a thermocouple at one end and a vacuum
system at the other completed the construction. The
heat pipe was then leak-tested and equipped with
heating and cooling arrangements.

A schematic of the overall experimental setup is
shown in Fig. 1. It essentially consists of the heat pipe, a
Laybold vacuum pump, and associated measuring and
recording instrumentation for temperature, heat input
and vacuum. Heat supply, uniformly distributed over
the evaporator zone, was effected by means of a
nichrome resistance heater rated at 200W. Two
heaters, one 10cm long and the other 21cm, were
employed in this study. The energy input was regulated
through a variable transformer and measured using a
voltmeter and an ammeter. The heating element and

ELECTRONIC
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REF.
JUNCTION T.C.
NCTION
e BOX SELECTOR RECORDER
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220V
AC
COOLING JACKET
© THERMOCOUPLE VACUUM
A GAGE
1.C. HEAT PIPE | VACUUM
T PUMP
HEATER
COOLING
WATER

LEVEL TANK

e— MATERIAL FLOW
SIGNAL FLOW

FIG. 1. Schematic of the experimental setup.
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the adjoining adiabatic section were thoroughly in-
sulated.

Heat rejection was achieved by natural convection
or by a water-cooled jacket. Natural convection was
extensively used because it offered a convenient means
of studying the effect of condenser length variation.
The cooling jacket, separated from the heat pipe by an
air gap so as to reduce the temperature gradient across
the wick and the wall, was annular in construction.

The heat pipe was instrumented with twelve copper
constantan thermocouples. Two thermocouples re-
corded the temperatures of the inlet and outlet coolant
flow, one the ambient temperature and another one
measured the vapor temperature at a distance of Scm
away from the evaporator end. The remaining eight
thermocouples were located along the pipe surface at
equidistant spacing. Leads from the thermocouples
were Tun to a junction box and through an automatic
selector switch to a 12-point multispeed recorder. To
make optimum use of the available recorder sensitivity
of 2mYV for a full scale deflection of 21 cm (representing
an error of 0.7% in temperature data) and to record all
levels of temperature measurement in one single range,
appropriate biasing potentials were applied to the
thermocouple outputs from an electronic reference
unit. The time constant of the measuring and recording
devices and that of the heater element were found to be
negligible (<3.0s) compared to the system time
constant of about 14 min.

Procedure

The heat pipe was loaded with proper amount of
distilled water (as so to saturate the wick), evacuated,
sealed, and disconnected from the vacuum system. In
experiments involving forced cooling, the condenser
coolant flow was adjusted to the required level by a
valve in the coolent flow line. Power input to the
evaporator, as monitored by the ammeter and volt-
meter, was maintained at a predetermined value by
adjusting the variable transformer. The system was
thus allowed to reach the desired steady state. Attain-
ment of uniform evaporator surface temperatures
(equalling the saturation temperature) was an in-
dication of proper system operation.

Power variation to the heater, in the form of a step of
desired magnitude, was then introduced by suddenly
turning the transformer dial to a preselected value. The
resulting surface temperature changes along the length
and the vapour and coolant temperature variations
were recorded. Several laboratory experiments were
performed using different heat pipes at different tem-
perature levels of operation. The ranges of experimen-
tal variables covered are: operating temperature:
35-100°C; evaporator length: 24.-50°; of total length
condenser length: 26--76%, of total length ; wick thick-
ness: 1.23-5.9%, of pipe diameter.

For the purpose of comparing experimental data
with theoretical predictions, an estimate of wick
properties (namely porosity and thermal conductivity)
was needed. These properties data were evaluated as
follows.
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The wick porosity was determined following the
procedure given by Cosgrove [12]. This involves
determining the volume of water required to com-
pletely fill the heat pipe. From a knowledge of the
volume of the vapor core, the porosity could then be
easily computed.

For estimating the thermal conductivity. K, of the
liquid-filled wicks, widely varying methods [13-16]
were found in the literature. In the absence of reliable
conductivity data, lower bound given by the series
conduction path is recommended [16]. Accordingly
the series conduction path formula

. KKy 1

K"'_15K5+(ﬁ]‘——£:}1(] .

was employed here for K,,. [t may be noted that values

thus obtained agreed closely with those predicted by
Gorring and Churchill equation {13].

Data reduction

The recorded time response data were converted to
frequency response via the procedure developed
earlier [ 10]. This involves defining the system transfer
function, relating the observed system input x(1) and
the corresponding output y(t), as

Yitye M dr
Lo ow
| e de

Jo

SREL L

- v
x{s)  sx(s)

{t may be recalled that multiplication of the numerator
and the denominator by s in the above equality
amounts to differentiation of the time response data as
indicated by the prime inside the integrals. For a
perfect step input of magnitude A, if the corresponding
response v(f) is bounded, then cquation (8) with s
replaced by jo reduces to

I

1

Gjw) = Ve 1 dr {9}
1 Jo

where 1, is the duration of the response. Using Euler’s

relationship, equation (9) can be resolved into magni-

tude ratio and phase angle to yield the experimental

frequency response as
|G(jw)] = (Re* +Im*)"2: G(jw) = tan " '{Im/Re)

{10y

where

1 iy
Re = — f V(t)cos wt dt
A

v O

and

Ty
Im= rlv [ y'(t)sin wt dt.
A,
A detailed discussion on the digital evaluation of these
expressions along with an analysis of the accuracy and
reliability of the computing procedure involved may
be found in [10].

Using the above technique, the transient heat pipe
data of this investigation were converted to frequency



Experimental frequency domain dynamics of heat pipes

response and compared with theoretical predictions
(equation 6) in the frequency domain. Results of this
comparison along with a discussion on experimental
heat pipe dynamics are given below.

RESULTS AND DISCUSSION

Extensive transient data corresponding to step
disturbances at the heater input were obtained in the
form of millivolt signals using the experimental setup
and procedure described earlier. The recordings were
then converted to corresponding vapor temperatures
(a typical response shown in Fig. 2) and the Fourier
transforms extracted by the previously developed data
reduction procedure [10]. It was observed during
experimentation that replicate runs using different step
magnitudes, reduced to such frequency responses, were
in good agreement showing that the system was linear
at the operating points. Besides, repetitive tests also
produced essentially identical results. In what follows
representative results, which elucidate the experimen-
tal dynamics, are discussed and compared with theory.
Most of these data pertain to natural cooling at the
condenser end. Additional results corresponding to 72
experiments covering important system and operating
parameters may be found in [11].
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F1G. 2. Typical experimental step response data.

Effect of condenser length

Illustrative vapor temperature responses in the
frequency domain, plotted as magnitude ratio and
phase angle as functions of frequency, are shown in
Fig. 3. The results correspond to three condenser
lengths (namely 26, 50 and 76%; of the total heat pipe
length) for a system equipped with a wick of 0.25 mm
thickness and operating at a temperature level of 54°C.
The graph shows that the heat pipe responds faster
with bigger condenser section substantiating our pre-
vious theoretical deduction [7]. The result (see phase
data) further displays two distinct zones: (i) a first
order dynamics in the low frequency region with the
corner frequency varying proportional to the con-
denser size, and (ii) a distributed parameter behaviour in
the high frequency zone that is free from the condenser
effect (as evidenced by the data points merging in this
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region). The theoretical magnitude and phase curves
corresponding to the experimental conditions, as
calculated from equation (6), are also plotted as solid
lines in the same graph. The general agreement
between experimental data and theoretical prediction
is good which reflects on the success of the model in
representing the actual system behaviour.

Effect of evaporator length

Evaporator length variation, unlike that of the
condenser, does not alter the vapor temperature
response. This is shown in Fig. 4 where frequency
response data obtained for two different evaporator
lengths (i.e. 24 and 509 of the total length) are found to
coincide throughout the entire frequency spectrum. An
explanation for this on the basis of the boundary
conditions imposed is given in [7]. The above obser-
vation may also be explained by considering the zero
frequency gain expression relating vapor temperature
to heat input. Thus, the final steady state value of the
vapor temperature, ¢,(c0), for a unit step in heat
inflow can be derived from equation (6) as

1
¢U(OO) = }—[nm—f'R(I_rlm)"—l/NBl]

c

(11)

Equation (11), when converted to its dimensional
form, yields the vapor temperature as deviation from
its initial value as

T,(00) = gi[l’"_ +
ndy | L K,

m—mL 1} 12)

LCKW Lchf
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In equation (12) the evaporator side parameters are
conspicuous by their absence indicating that the vapor
temperature is dependent on the condenser length
only. Besides, the resistance to heat transfer (terms
within the bracket in equation 12) and through it the
equivalent first order time constant are seen to be
inversely proportional to the condenser length.

Effect of operating temperature

Figure 5 records the experimental responses ob-
tained for three different operating temperatures, viz.,
55, 74 and 95°C. The reduced transient (faster dy-
namics) at higher temperature results mainly from
increased heat transfer coefficient, h, between the
system and the sink. The low frequency region of the
magnitude ratio plot indicates that the corner fre-
quency is proportional to the heat-transfer coefficient.
Thus, the three experimental corner frequency values,
namely 0.03, 0.05 and 0.06 rad/min, are nearly in the
same proportion as the corresponding observed
heat-transfer coefficients, viz.,, 0.02, 0.034 and
0.044 cal/min cm? °C. The way the phase data pointsin
Fig. 5 converge at elevated frequencies indicates that
the influence of temperature on dynamics is restricted
to low frequency region only. The figure, in addition,
provides further confirmation to the correspondence
between experimental and analytical results. It may
also be observed here that other factors which affect
the heat-transfer coefficient (such as circulation rate of
the coolant and emissivity of the heat pipe surface) will
have the same influence on the dynamics as the
temperature.
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Effect of wick thickness

Figure 6 presents illustrative system frequency re-
sponse as a function of wick thickness. In contrast to
the previous parameters which exercised considerable
influence on the low frequency system dynamics, wick
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thickness alters the high frequency response character-
istics as revealed better in the phase plot rather than in
magnitude data. The sharp increase observed in phase
lag with wick thickness at higher frequencies is an
indication of deterioration in system dynamics with
the wick property. This is caused by increase in
thermal capacitance and resistance inside the heat pipe
due to higher wick thicknesses. The relatively more
deviation of the experimental data points at higher
frequencies is typical. This is due to the limited
accuracy of the original record to which the phase
angle is known to be sensitive. It may be noted that,
since thermal conductivity and heat capacity .of the
liquid-filled wick also govern the internal thermal
resistance and capacitance, variations in these proper-
ties would also produce identical results.

Effect of forced cooling

In all the cases discussed above, heat rejection was
achieved by natural convection. Hence, for the sake of
illustration, some experimental results are presented
here (Fig. 7) for a system equipped with a water-cooled
jacket of length 16 cm. The response in this case can be
seen to be similar to that obtained with natural
cooling; however, it is faster owing to the increased
heat-transfer coefficient due to forced convection.

CONCLUSIONS

To conclude, detailed frequency response data,
hitherto not available, have been procured for a range
of system and operating parameters using a number of
heat pipes. The experimentation involved procuring
step response data relating vapor temperature to heat
input and converting them to frequency form via the
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F1G. 7. Frequency response for a system with forced cooling.
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procedure developed earlier [ 10]. The results obtained
clearly describe and differentiate the effects of system
parameters on the dynamics. Of particular interest are
the observations that the high frequency response
characteristics are entirely determined by the wick
parameters, whereas the low frequency dynamics are
governed by the condenser parameters and operating
temperature.

The experimental values of magnitude ratio and
phase angle closely agree with theoretical predictions
thereby validating the proposed theory.

In addition, ten thousand fold coverage (four de-
cades) of experimental frequency response achieved
reflects on the efficiency of the time-to-frequency
domain conversion method employed.

Apart from describing the dynamics, the results of
this analysis could be used in designing control
systems for heat pipes.
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DYNAMIQUE EXPERIMENTALE ET FREQUENTIELLE DES CALODUCS

Reésumeé—Des essais de réponse en fréquence ont été menés sur plusieurs caloducs a eau avec des écrans
de bronze fritt¢é comme meches. L’expérimetation consiste & soumettre les tubes de chaleur & un
changement échelon du flux de chaleur et a convertir le temps de réponse en données fréquentielles a
partir de la transformation de Fourier. Des variations de paramétres tels que la température, la surface du
condenseur, celle de I'évaporateur et ’épaisseur de 1a méche sont considérées pour étudier leurs effets sur
la dynamique de systéme. Les résultats obtenus sont comparés a une théorie proposée. En plus d’une
information quantitative sur un domaine de fréquence jusqu'ici indisponible, les résultats dégagent
I'influence des variables expérimentales sur la dynamique.

EXPERIMENTELLE UNTERSUCHUNG DES DYNAMISCHEN VERHALTENS
VON WARMEROHREN IM FREQUENZBEREICH

Zusammenfassung—Aus Versuchen mit einer Anzahl von Wasser-Wirmerohren mit eingeprefitem
Bronze-Gitter als Dochtmaterial wurden ausfiihrliche Frequenzgang-Daten gewonnen. Im Verlauf der
Untersuchungen wurden die Wéarmerohre einer springformigen Verdnderung der Wiarmezufuhr
unterworfen ; die gewonnene Sprungantwort wurde mittels Fourier-Transformation vom Zeitbereich in
den Frequenzbereich ibertragen. Einzelne Parameter, wie z. B. die Arbeitstemperatur, Kondensator-
flache, Verdampferfiache und die Dicke des Dochtes, wurden variiert, um ihre Auswirkung auf das
dynamische Verhalten des Systems zu erkennen. Die erzielten Ergebnisse wurden mit einer
vorgeschlagenen Theorie verglichen mit dem Ziel, letztere zu bestdtigen. Neben der Lieferung
quantitativer Aussagen iiber das bisher noch nicht beschriebene dynamische Verhalten im Frequen-
zbereich geben die Ergebnisse auch AufschluB iber den EinfluB der Versuchsvariablen auf das
dynamische Verhalten.

OVUHAMUMKA DKCIEPUMEHTAJILHON YACTOTHOW XAPAKTEPUCTUKM
TETUJIOBBIX TPYB

AnnoTtanun — Ilosy4ennl noapo6Hbie KCNEPUMEHTANBHbIC JaHHblE O YACTOTHBIX XapaKTEPHCTHKAX
psifa TEMnoBbIX TPy Ha BOKIE, B KOTOPBIX B Ka4eCTBE QUTHIS HCTIONb3YETCA CpecoBanHas Gpon3osas
cerka. B JKcriepuMeHTe MOMBOA TEIU1a K TEIUIOBBIM TPyOaM HM3MEHAJICA CTyNeH4YaTsiM 06pasom, a
BPEMEHHbIE XaPaKTEPUCTHKHA NPe0GPa30BbIBATHCE B HACTOTHBIE 110 MeTOAY Pyphe. Msmenenus Taknx
napaMeTpoB, kak paboyas Temneparypa, Iiolaah KOHIEHCATOPA, IJIOAAb HCIIAPUMTENS ¥ TOMMLKHA
UTHIS, TIPOM3BOIMIIMCH C LENBIO HCCNEAOBAHNSA KX BIMAHMA HAa AMHAMUKY cHCTeMbl. TlonyueHHble
JKCIIEPHMEHTANIbHbIE IAHHBIE CPABHUBAIIHCH C TEOPETAYECKMMH PEIYNLTATAMK [Tl MOATBEPNICHHS
npenToKenHo# Teopuu. [ToayueHHbIC JaHHbIE PEICTABNSIOT COGON KOMMYECTBEHHYIO HHOOPMALUIO
O paHee HeH3yYeHHO} TMHAMHKE YACTOTHBIX XapakTepUcTHK. Kpome TOro, OHH MO3BOJMIM BLIABATE
BIMSHAE HA JUHAMMKY [IEPEMEHHLIX 3KCNIEPHMEHTATBHBIX BEJIMYHH.



