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CONSTRUCTIVE AND TECHNOLOGICAL ASPECTS
OF THE HEAT FLOW IMITATOR BASED
ON DIAMOND-LIKE FILMS

The paper describes features of the design and manufacturing technology of a volumetric detachable
heat flow imitator designed for the study of thermal characteristics and for carrying out thermal tests
of heat pipes of cooling systems for electronic equipment. The authors use thin alumina ceramic plates
with deposited with diamond-like films as heating elements of the imitator. Experimental results are
presented on the surface temperature of heating elements and the temperature drop between the heating
elements and the heat pipe in the region of the input heat flux values from 5 to 25 W. The use of the

proposed heat flow imitator allows speeding up the process of research and testing of heat pipes.
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Heat pipes (HP) are high effective heat transfer
devices for cooling systems of electrical equipment
[1—4]. Testing heat pipes for compliance with
the required thermal parameters and the constant
development and improvement of HPs require
using methods of thermal physics control and
experimental investigation of the main thermal
parameters of HPs, i.e. thermal resistance,
maximum heat transfer ability, temperature
gradient along the HP, heating zone temperature at
constant heat flux, etc. During such a research, it
is necessary to supply the HP with a predetermined
value of the heat flux equal to the one that is
generated by the electronic device being cooled.
For this purpose, different heating methods and
heat flow simulators are used: radiant, interface,
ohmic, inductive, electronic heaters, heating by
circulating coolant, etc. [5, p. 72—76].

The heat flux imitators (HFI) mostly used to
supply heat to the HPs are electrical resistance
heaters made of wire or stripe based on a material
with a high electrical resistance (e.g. nichrome)
coiled around HP’s heating zone [6—10]. Thus,
while researching glass pulsating HPs the authors
of [6, 7] used high resistance wire coiled directly
on the glass case (100 mm) of the HP in the
heat supply zone (30 mm). The distance between
the coils several times exceeded its diameter and
this allows visual observing of thermal hydraulic
processes inside the HP. Such HFIs are immensely
simple but their design does not allow using it for
testing other HPs. In [9] authors used an HFI
made from high electrical resistance stripe coiled
with a variable step around the 90 mm heating

zone of a glass thermosyphon 12 mm in diameter.
This HFT allows obtaining a heat flux with values
from 10 to 50 W. The common drawback of all
considered HFIs is that it is impossible to use them
in contact with electrically conductive materials.
To avoid this problem, different types of high
temperature isolation are used as a layer between
the heater and the HP shell [9, 10]. Such designs,
however, do not allow relatively easy reinstalling
of the HFI from one part of the HP to the other,
or to another HP.

Also well known are HFIs that consist of
a metallic heat conductive base covered with
electrical isolation material and coils of the stripe
heater [11]. Another type of this construction is
the base with mounted cartridges with the heaters
[12]. For the first case, the maximum heat flux
generated by HFI with a brass cylindrical base
reaches 300 W [11]. For the second type of
heater with five cylindrical cartridges soldered
inside a copper block (with a 25x25 mm contact
surface), the maximum heat flux is 628 W [12].
The maximum value of specific heat flux is up to
100 W /cm?.

Very promising are the HFIs with heaters made
of doped diamond-like films. Depending on the
required properties of the resistive covering, one
might use Cr, Wo, Ti, etc. as a doping metal. Due
to the diamond-like structure of the film, resistive
covering of such heaters has stable electrical
resistance and operational thermal stability at
temperatures over 500°C, specific heat flux higher
than 2:10° A/cm? and temperature resistance
coefficient above 1074 [13].
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One of the known HFIs based on a diamond-
like film [14] consists of a 0.2—2.0 mm thick
layer made of thermal conductive ceramics with a
resistive heater on the surface. The resistive heater
is made of a 0.2—2.5 um thick doped diamond-like
film with contact pads on it ends. However, the
HFI with a flat contact surface is hard to use for
heat flux supply to cylindrical HPs. To deal with
this problem, the authors of [15] developed an
HFT that is a metal cylindrical base, the surface
of which is covered with a ceramic layer and a
doped diamond-like film with contact pads. Near
the base there is a round through hole that makes
it possible to mount the heater onto the cylindrical
HP. In doing so, it is desirable to leave the
smallest possible split between the inner surface
of the hole and the HP in order to provide a good
thermal contact between the HFI and the HP.
This requirement, however, is not always easy to
fulfill in practice because of the following reason.
Leak-tight sealing at the end-faces of aluminum
HP shell is mostly made by welding the bottom
cap and the bottom with a filler tube to the HP
case using argon-arc welding. This process causes
a metal overlap 1—3 mm in height (Fig. 1) at the
place of welding, and one should avoid cutting
it off mechanically, because the cut might open
micropores. It is obvious that in such a case, the
split between the HFI and the HP after welding
might be 1 to 3 mm, which is unacceptable in the
context of ensuring the heat transfer from the HFI
to the HP with minimal contact thermal resistance

In this paper we present an HFI based on
diamond-like films, the design of which makes

a)

b)

Fig. 1. Weld seams at sealing zones of the HP from the
cap side (@) and from the filler tube side (b)

it possible to mount it with a minimal split on a
cylindrical HP (or thermosyphon) with a metal
overlap in welding points and to reinstal from one
area of the HP to other or to another HP more
easily in course of research.

Design and manufacturing process
of the heat flux imitator

Let us describe characteristic features of the
new design of the HFI [16] based on diamond-
like films (see Fig. 2).

The base 7 of the HFI is a pipe section made
from a material with a high thermal conductance
(e.g., aluminum or aluminum alloys) with four
(or more) flat planes 2 on the outer surface and a
cylindrical hole 3 into which the HP is installed.
The base consists of two parts (4 and 5) which
are joined by the loop 6 with anchoring elements
7 (screws, washers and nuts). Flat heaters 8 are
connected to the base planes (at least 2 heaters
on each plane) through a thermal contact. The
heaters are based on doped diamond-like films
and have contact pads 9, which are meant for
electrical contact of elements to each other and
for connection to the power supply.

We shall demonstrate the technology for
manufacturing HFIs of the proposed design on

a) |
o) :
g

b)

Fig. 2. HFI design:
exterior view (a) and cross-section (b)
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a)

b)

c)

Fig. 3. Exterior view of the HFI before mounting (a)
and mounted on the HP (b), and a heater based on
diamond-like film (c¢)

the experimental HFI (Fig. 3). This experimental
sample was made for heat supply to the HP with
a 12 mm outer diameter used for LED module
cooling [17].

A workpiece of the detachable base for the HFI
was made from a standard pipe section with an
inner diameter of 12 mm and an outer diameter of
20 mm. The material used for the base is aluminum
alloy AD31T (A/131T). Flat planes (34x13 mm)
were cut out on the workpiece, and 0.5 mm deep
and 6.4 mm wide grooves were lathed (these
groves were made for tightening with mounting
clamps). After that, the workpiece was cut along
the axis into two equal parts by a 1 mm thick
disk cutter. On the inner surface of each of the
parts, one longitudinal groove (1 mm wide and
1.5 mm deep) was cut for thermocouples for the
HP’s heating zone.

Heating elements (Fig. 3, ¢) were made by the
JV “LAET” (CII «JIAST», Odessa, Ukraine).
Doped diamond-like films and contact pads were
made using vacuum plasma-assisted deposition
on 1 mm thick ceramic base according to group
technology developed at the JV “LAET” [13]. The
ceramic base was made of aluminum-oxide ceram-
ics VK-94 (BK-94). The base with a diamond-like
film is then cut into separate heaters (7x30x1 mm

each) by laser dicing and cutting on specialized
laser equipment.

To provide thermal contact, heaters with the
wires soldered to contact pads were glued to the
surface of flat planes by the RTV-904 elastic sili-
con compound.

Method of using the HFI and research results
on its thermal characteristics

To test thermal parameters of the HP with
the created dismountable HFI, both its parts
with attached heaters are mounted onto heating
zone around the HP, then the HPs are tightened
together with mounting clamps and anchoring
elements. For reducing contact thermal resistance
between the HP contact surface and the HFI, they
are first covered with KPT-8 (KIIT-8) thermal
conductive paste. To imitate the heat flux equal
to the one of the electronic device being cooled, a
controlled value of electrical power is fed to the
HFTI heaters using voltage regulator. To prevent
the heat loss into the environment, the HP heat-
ing zone is insulated with basalt fibre and placed
into a glass vacuum bulb.

The heat flux generated in the heaters is trans-
ferred through the elastic compound layer, which
is located between the base of the imitator and the
contact surfaces of the heater to aluminum base of
the HFI, after which the heat power is transferred
through the KPT-8 (KIIT-8) paste layer to the HP
heating zone. Due to the effective heat transferring
inside the HP achieved by the closed-loop evapora-
tion condensation cycle the heat flux is transferred
to the condensation zone and dissipated by natural
or forced convection of air or fluid, depending on
the predetermined cooling conditions.

The thermal characteristics of the created HFI
sample were experimentally tested on an experi-
mental equipment described in [16]. In the tests,
an aluminum HP with a threaded capillary struc-
ture that used for the LED module cooling in the
power range from 5 to 25 W. Dimensions of the
HFI corresponded to those of the LED module.
The diameter of the HP was 12 mm, its length
was 830 mm, the length of the heating zone was
50 mm, R141b was used as a coolant. The heat
was removed from the condensation zone of the
HP by natural air convection at a temperature of
oy = 24.0£0.5°C. The HP was orientated verti-
cally, and the heating zone was placed below.

In the course of the experiment, the tempera-
ture ¢, of the heating elements and the tempera-
ture difference At between the heating elements
and the HP was measured at the heat flux values
of P=5—-25W.

The temperature of each heating element was
measured by the thermocouple mounted in the
middle of the diamond-like film. Thermocouple
junctions were electrically isolated with glass-
fibre adhesive tape. The surface temperature of
the HP at the heating zone was measured by four
thermocouples.
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Fig. 4. The temperature dependence of the heating
elements (1 —4) on the heat flow of the simulator

40

Fig. 4 shows measured values of the temperature
t;. of the heating elements of the HFI experimental
sample for the supplied power P in range from 5
to 25 W. 1t is evident that the diagram is linear.
Moreover, for P = const, the temperature of the
heating elements differs by no more than 5°C.
For example, for P = 25 W, element no 3 has a
maximum value of temperature equal to 120.6°C,
while element no 1 has a minimum value of
temperature equal to 115.6°C. These results prove
that of the contact thermal resistance values
between the heating elements and the base of the
HFI, as well as between the base and the HP are
identical. The low temperature value of the HFI
is reached due to favorable conditions of heat
removal from the diamond-like film of the heating
element, which in turn are caused by good thermal
contact between flat surfaces. It simplifies thermal
insulation conditions of the heated surfaces during
the HP testing.

Fig. 5 shows the diagram for the temperature
difference At between the average values of heating
elements’ temperatures (¢,2V) and the temperature
in the HP heating zone relative to the supplied
heat power P. As seen from the figure, as the
power increases from 5 to 25 W, the temperature
difference At increases from 3.2 to 12.0°C. While
the ¢,2v temperature varies from 47.3 to 118.1°C,
and the difference between #2V and environment
temperature (t,,, = 24°C), respectively, from 23.3
to 94.1°C. Thus, the contribution of the temperature
difference At between the HFI and the HP
temperatures in the overall temperature gradient in
the cooling system is about 13%, which indicates
that the overall thermal resistance of the HFI
based on a diamond-like film (0.64 —0.48°C /W)
is rather low and that it is possible to use it to
study the thermal characteristics of the HP.

Summary

The proposed design of heat flux imitator based
on diamond-like films is meant for experimental
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Fig. 5 Dependence of the temperature difference be-

tween the heaters and the HP on the supplied heat
flux at ¢, = 24°C

env

research of thermal parameters of heat pipes. The
detachable design of the imitator allows mounting
it on a cylindrical heat pipe with overlaps on weld-
ing seams while providing a reliable thermal and
mechanical contact. Such imitator can be easily
remounted from one section of the HP to another
or even to another HP altogether during tests. The
imitator has a compact design that allows obtain-
ing significant heat fluxes. For example, a heat
flux of 806.67 W can be reached for a 50 mm long
test sample with a hole diameter of 12 mm, with
four 7x30x1 mm heaters based on diamond-like
films with a total electric resistance of 60 Ohm
when to a regulated power source with an output
voltage of up to 220 V.

Due to the listed features, the proposed design
of the heat flux imitator has a wider exploitation
potential in comparison to the existing analogues.
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KOHCTPYKTUBHO-TEXHOJIOITYHI OCOBJJINBOCTI IMITATOPA
TEIIJIOBOTO ITIOTOKY HA OCHOBI AJIMA3OITIOAIBHUX IIJIIBOK

Onucano 0cobauso0cmi KOHCMPYKYIL i MEXHOL02IT UZOMOBACHHS 00'EMHOZO POSHIMHOZO IMIMAOPA MENI0E020
NOMOKY, NPUIHAUEHO20 01 QOCALOKEHHS MENTOBUX XAPAKMEPUCTIUK T NPOGEOeHHs MENI0GUX GUNPOOYEdib Mme-
naosux mpy6 cucmem 0X0100KeHHs eAeKMPOHHOT anapamypu. K Hazpieaivhi eremenmu iMimamopa euKopu-
CMOBYIOMBCSL MOHKT NAACTUHKY 3 ATIOMOOKCUOHOT KepamiKu 3 HAHECeHUMU HA HUX dAMA30N0016 HUMU NATEKAMU.
Hasedeno pezyrvmamu excnepumenmanyinozo 00CAi0Kenmns memMnepamypu No6epxui nazpieaivHux eiemMenmie i
nepenacy memMnepamypu MiX HaAzpiealbHUMU eJleMeHMmamMu i Menioeor mpybow é obaacmi 3naueHs nidgedeHozo
menio60zo nomoxy 6id 5 do 25 Bm. Buxopucmanns 3anponoHosanozo iMimamopa meniogozo nomoxy 0036015€
npuckopumu npoyec 00CAi0KeHHs Ma UNPoOYSanHs Meniosux mpyo.

Kniouosi caosa: imimamop meniogozo nomoxy, aimazonodiond niiekd, memnepamypd HazpiedivHoz0 eJeMeH-
my, menaosa mpyoa.
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KOHCTPYKTUBHO-TEXHOJIOTUYECKME OCOBEHHOCTU NUMUTATOPA
TEIIJIOBOT'O IIOTOKA HA OCHOBE AJIMA3OIIOZIOBHBIX IIVIEHOK

Onucanvt 0co6eHHOCTNIU KOHCMPYKUUU U MEXHOL02UU U3Z0MOBACHUS 00BEMHO20 PAIBEMHOZO UMUMAMOPA MENI0-
6020 NOMOKA, NPeOHA3HAUEHHO20 ONs UCCe008ANHUL MENI0BbIX XAPAKMEPUCTIUK U NPOBEOEHUs. MENT08bLX UCTIbL-
manuii menosulx mpyo cucmem OXAAK0enus INeKMPOHnol annapamypvl. B xauecmee nazpesamenvivix d.1emen-
MO8 UMUMAMOPA UCNOIb3YIOMCA MOHKUE NAACUHKU U3 ATIOMOOKCUOHOU KePAMUKU C HAHECCHHIMU HA HUX AJMA-
30n0000HbIMU NAeHKamu. TIpueedenst pe3yiomamol IKCNEPUMEHMATILHOZO UCCIEO08AHUSL MEMNEPAMYPbL NOBEPLHO-
CMUL HAZPEBAESILHBIY IJIEMEHNO06 U Nependada memMnepamypvl Mexoy HAzpesameibHblMU dJleMeHmami u menJo-
60U mpy6ol 6 obracmu 3naueHuti No0gooUMoz0 Menio6ozo nomoxa om 5 do 25 Bm. Hcnonv3osanue npedioxenno-
20 UMUMAMOPA MENN08020 NOMOKA NO3GOSIEM YCKOPUM NPOUECC UCCACO08ANUSL U UCTLIMANUS MENTOGHLX MPYOD.

Karwuesvie caosa: umumamop menjioeozo nomokd, aAAMa3ono0oomas nlaenKd, memnepamypa nazpeedameibHozo
dqemenma, menjiosdas mpy6a
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