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Abstract: Analysis of the processing equipment structures when designing according to the temperature criterion is
a necessary guarantee of ensuring the required performance characteristics. The presence of a significant number of parts
in the processing equipment units and mechanisms requires, when designing, the prediction of the heat flow passage
through the joints. When simulating contact thermal resistance, the variety of requirements for a joint can be taken into
account by introducing a pseudolayer into the contact zone. The paper presents test results of the proposed regression
dependence of the temperature change when the heat flow goes through the pseudolayer obtained considering four signifi-
cant factors: the pseudolayer thickness, the nominal pressure, the material yield strength, and the actual contact zone loca-
tion. The adequacy of the specified regression dependence was verified experimentally and applying numerical simulation
using large-block finite elements. To describe the process of heat transfer in the thermal model elements, the authors de-
termined contact thermal resistances for several conditions for the heat flow propagation: from one finite element to ano-
ther within one part; from one finite element to another located in an adjacent part; heat flow passing through closed cavi-
ties; heat flow propagation into the environment for finite elements located on the outer (free) contour of the part. The ex-
periments showed a good agreement between the experimental data and the simulation results. The application of large-
block finite elements based on the proposed contact thermal resistance model allowed bringing the FE simulation tech-
nique to engineering use without complex software.
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INTRODUCTION

Modern mechanical engineering is impossible without
using technological equipment (TE), which has high relia-
bility, accuracy, and productivity. Reducing the time for TE
design requires simultaneous consideration of all criteria
(strength, rigidity, dynamic, thermal, etc.) that the created
equipment must meet. The implementation of the design
criteria requirements is largely based on the models used,
which allow assessing the operational capabilities of
the created TE even at the design stage.

A special role in the design is given to the analysis of
the temperature factor influence, since the internal heat
generated by the operating equipment leads to changes in
the temperature of its assembly units and, as a result, to
thermal errors [1; 2]. Thermal effects can contribute more
than 50 % to the total error [3].

With the expansion of the use of numerically controlled
equipment, the problem of heat resistance of TE structures
has become significantly more complicated due to an in-
crease in the energy saturation of equipment, and the inten-
sification of its operation [4; 5]. Determination of tempera-
ture deformations of technological equipment units signifi-
cantly affecting the operational characteristics is carried out

based on the construction of a temperature field. The re-
searchers paid special attention to determining the thermal
deformations of the spindle assemblies of metal-cutting
machine tools as the most complex TE assembly unit,
the operation of which primarily influences the output accu-
racy characteristics of the equipment [6-8].

The problems of creating mathematical models that al-
low predicting the temperature field pattern, even at
the stage of equipment design, have been largely solved by
the widespread use of numerical simulation using finite
element models. There are numerous examples of success-
ful use of the finite element method (FEM) when solving
thermal problems [6; 9].

Numerical simulation using the FEM made it possible,
first of all, to remove one of the significant problems:
the maximum consideration of the configuration of
the parts included in the TE, earlier, when using analytical de-
pendencies, as a rule, was provided by a significant simpli-
fication (often unreasonable) of the geometry of the parts.

However, even with the extensive experience gained dur-
ing FEM testing, when designing technological equipment,
there remains a problem associated with a significant number
of parts included in the equipment, determined by the func-
tional purpose of the equipment and its configuration [10]
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(for example, in a metal-cutting machine there are more
than 3000 parts), connected to each other in a certain way.
Thus, to construct the TE temperature field, it is necessary
to simulate the heat flow propagation both through solid
parts (modern software tools make it quite easy to do), and
through their connections.

The heat flow passage through parts and their connec-
tions can be simulated taking into account thermal re-
sistance [11]. For solid parts, thermal resistance is deter-
mined based on the introduction of thermal conductivity
coefficients, the values of which for various materials are
widely presented in the literature [12; 13]. A multi-analysis
of the formation of contact thermal resistance (CTR) is gi-
ven in [14; 15].

The complexity of CTR simulation is associated with
the presence of a temperature jump during the heat flow
passage through the contact zone. As noted in [16], an at-
tempt to use the classical FEM for modelling encounters
difficulties associated with the creation of a FE mesh corre-
sponding to neighbouring contacting parts, which is very
difficult for complex geometries. The authors propose to
build a modelling principle in the representation of a con-
tact with an intermediate thin material, in which two mate-
rials are mixed. However, the dependencies for determining
the characteristics of the specified intermediate layer are
not given in the work.

The works of a number of researchers [17-19] cover
the obtaining of the dependences for determining CTR,
based on the experimental data approximation. However,
these dependencies are difficult to use in engineering prac-
tice, since they, as a rule, have a narrowly focused practical
significance, and require a large amount of initial data, such
as the profile standard deviation; surface hardness (micro-
hardness); average tangent of the roughness slope angle;
maximum corner radius of the protrusions; a parameter
characterising the degree of mechanical loading of contact
irregularities, etc. [14]. In this regard, the issue of CTR
simulation is still very relevant.

The purpose of this study is to develop a technique for
simulating contact thermal resistance, which allows esti-
mating the temperature change in the contact zone, based
on identifying, and taking into account the most significant
design and technological factors available when used in
engineering practice.

METHODS

The complexity of taking into account a significant
number of influencing factors for engineering practice
when assessing the CTR can be resolved by modelling
a joint in the form of a pseudolayer, the characteristics of
which are determined by the contact conditions [20; 21].
The research methods involve a reasonable selection of
the most significant factors affecting the contact thermal
resistance based on the one-factor numerical experiments,
using the FEM, and a full factorial experiment (FFE) to
obtain a regression dependence, describing the temperature
change in the contact zone. The efficacy of the obtained
model should be confirmed by the results of full-scale and
numerical experiments.

Previous studies [20] allowed distinguishing four signi-
ficant factors: pseudolayer thickness 4, nominal pressure g,
material yield strength 67, and location of the actual contact

zone /. Based on the use of the ELCUT package, when
planning a full factorial experiment of the 2* type, a regres-
sion model was obtained in the following form

AT =0,055+7,403-10*h —2,216-107"¢,_ +
+525-10 6, + 6,112 -7,257-10 " hq,, +
+2,05-10 5 hoy +2,892-10%41 +0,736-10 '8 g 6, —
—2,048-10 6,1 +8,276-10 P hoq,

Further analysis [22] showed that it is possible to sim-
plify the obtained regression model, leaving only two fac-
tors as the most significant ones: the pseudolayer thickness
determined by the roughness of the contacting surfaces and
the nominal pressure, which depends on the normal force
and the nominal contact area:

AT =0,055+7,403-10*h-2,216-10"% . (1)
The pseudolayer thickness can be taken as an average
thickness of the gap in the joint [23; 24]:

h :Rpl +Rp2 = 276(Ral +R112)’

where R, is the smoothing height;
R, is the arithmetic average roughness height.

To test the efficacy of the proposed regression depend-
ence, the authors carried out full-scale experiments on
the heat flow passage through a flat joint, and performed
numerical simulation using large-block finite elements [25].

For a full-scale experiment, steel samples were made from
15 grade steel with dimensions of LXxBxH=40x20%10 mm.
In one sample, a hole ¥4.4 mm was drilled to place a tem-
perature source in it (Fig. 1). The surface roughness in
the contact zone of the samples was R,~0.1 pm.

To assess the influence of contact pressure on CTR,
a pair of specimens was fixed in the jaws, which created
a compression force (Fig. 2).

To reduce the convection heat emission, the samples
were placed in a thermal protection created using a three-
layer winding of an asbestos cord @3 mm glued with liquid
glass. The thermal protection left two sections 10 mm long
open, where the temperature could be subsequently record-
ed in the source location area, and at the end of the flow
propagation in the samples (Fig. 2). The jaws were thermal-
ly insulated from the specimens with sheet cloth laminate,
and plywood 10 and 5 mm thick, respectively.

To determine the compression force of the specimens,
the jaws were pre-calibrated according to the applied torque
on the jaw screws using a DOSM-1 dynamometer, which
has the highest limit load of 10 000 N. During the experi-
ments, the maximum Q value (Fig. 2) was 6 550 N.

The temperature measurement in the open areas of
the samples was carried out by a non-contact method, using
a calibrated DT-8833 pyrometer. During the experiments,
the jaws were mounted on the table of a jig-boring machine,
and the pyrometer was fixed on a massive stand with a dis-
tance of ~15 mm from the measured surface to the sensitive
element of the infrared sensor located at the focus of
the pyrometer optical system. Since the optical resolution
(the sighting factor — the ratio between the distance to
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the measurement object and the measuring spot size),
for the DT-8833 pyrometer is 13:1, in this case,
the measurement spot had a diameter of ~1 mm. This
circumstance was taken into account when selecting
the dimensions of the measurement zones (Fig. 2),
which, according to the rules for using pyrometers,
should be at least 2 times larger than the size of
the measuring spot.

During the experiments, the heating element power (W)
was determined by fixing the consumed current (/=1.8 A) and
voltage (U=12.0 V):

P=1Un. )

The value of the efficiency factor n for converting elec-
trical power into a thermal one was estimated considering
the following. Since the heat source was removed from
the heating zone (Fig. 2), and the heat was transferred to
the sample using a copper rod ¥4 mm with a significant
length, the value of | was taken equal to 0.35.

Numerical simulation was carried out according to
the technique using large-block finite elements (FE), which
was earlier tested for flat models [25].

Simulation of thermal processes in the equipment as-
sembly units, using large-block FE, allows reducing
the problem of building a temperature field to solving
a system of linear equations, and refusing to use complex
software products (for example, ANSYS).
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The technique for developing a 3D computational mo-
del, involves the selection of rectangular parallelepipeds in
the parts of assembly units, subject to the condition that
eight FE must be connected at the vertices that are not lo-
cated on free surfaces. At vertices located on free surfaces,
there should be up to four such FE.

Since the proposed technique with large-block rec-
tangular elements assumes that the heat flow propa-
gates in the FE in a straight line, the thermal resistance
of the element along the corresponding coordinate axis
is equal to

r__ AX
XN AY-AZ°
RT - AY
©-AX -AZ
Rgzi,
©-AX -AY

where AX, AY, AZ are the dimensions of the FE along
the corresponding coordinate axis;

A is the coefficient of thermal conductivity of the material
of the element (part).

For each coordinate plane of each FE, the equilibri-
um equations of heat flows in its nodes located in the
FE geometric centers were set up. For example, for
element 4 in Fig. 3, the equation can be written as fol-
lows:

Ox(C-4) (tc - tA)+ O x(E-4) (tE - tA)+
+Gy(B—A)(tB _tA)+Gy(D—A)(tD —ty)+

+ Gz(K—A)(tK - tA)+ cz(L—A)(tL —1y ) =0

3)

where £ is the temperature at the i-th node;
Ox(i5/)=Ox(j-i)> Oy(i)=Oy(j-i)> Oz(isj)=Oz(j-i) is total (absolute) thermal
conductivity between i and j nodes along the x, y, z coordi-
nates respectively, W/K.

The values of thermal conductivity between i and j
nodes along the x, y, z coordinates are determined by
the formulas:

1
Oxii-j) = 5
“D T 05RL + RS, +0.5R,
o = 1 ;
yi-j) — T C T >
0,5R%, + RS, +0,5R"
. 1
“D T 05RE + RS, +05RE

where RS, RS, R ., are thermal resistance of
the joint between i and j finite elements along the x, y, z
coordinates, respectively.

The experimental unit model to carry out a numerical
experiment using large-block FE was represented as
13 interconnected rectangular parallelepipeds (Fig. 4).

In accordance with the expression (3), to determine
the temperature in the thermal model elements, the au-
thors composed the equilibrium equations for heat
flows in its nodes located in the geometric centres of
the elements:

Gx(Z—l)(tZ _tl)+26y(B—l)(tB —4)+
+26, (gt —1,)+ P =0;

Gx(372)(t3 —t,)+ ch(B—Z)(tB —1))+

+ ZGZ(B—Z)(tB —t)+ 20x(1—2)<t1 ~1,)=0;
Gx(4—3)(t4 —t)+ c’;:(2—3)(5 —t;)+

+ Gy(673)(t6 —t3)+ Gy(8—3)(t8 —13)+

+ c52(1073)(’10 —1)+ 02(1273)(112 ~1,)=0;

Gx(lO—ll)(tlo _f11)+0z(4—11)(t4 —t)+
+ Gz(B—ll)(tB —ty)+ O-x(B—ll)(tB —1y,)=0;
c514(13712)(113 — 1)+ Gz(sflz)(% — 1)+
+ Gz(Bflz)(tB —11y)+ GX(B712)(tB —11,)=0;
Gx(12—13)(t12 —t13)+ 62(4—13)(t4 —t13)+

+ c52(13—13)013 —ty3)+ Gx(B—13)(tB ~113)=0,

where 74 is the ambient temperature;

Ox(i-B), Oy(i-B), O=(-B) 1S the total (absolute) thermal conductivi-
ty between i node and air along the x, y, z coordinates, re-
spectively, W/K.

The values of thermal conductivity between i and j
nodes (except for the nodes No.3 and No.4 along
the x coordinate) along the x, y, z coordinates are deter-
mined by the formulas:

1

o) T 0 5RT + 05K
> Xi Eaghe v

o = —1 S

) 0,5R}; +0,5R];

1
S () e "
(-7) 0,5R%; +0,5R];
Thermal conductivity 65(3_4) between the nodes No. 3

and No. 4 along the x coordinate should take into account
the CTR in the joint of the specified elements:

1
- :
0.5Ry; + Ry(3_4)+ 0.5RY,

Ox(3-4) =

The introduction of a pseudolayer with a thickness /4 to
the contact zone when modelling allows representing
the actual contact zone (ACZ) (Fig. 5) in the form of
the following model (Fig. 6).

34

Frontier Materials & Technologies. 2023. Ne 3



Denisenko A.F., Podkruglyak L.Yu. “Simulation of contact thermal resistance when designing processing equipment”

Considering the parallel passage of heat flows through these
zones, we can write that the pseudolayer thermal conductivity

wherecp = ;
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ZGACZ= AC r.

h
will be equal to the sum of the conductivities, through the actual a4, —A4.)
contact zones Gacz, and the volumes filled with air (0il) Ga: z Gy =2 Z =

A, is the nominal contact area;

A, 1s the actual contact area;

ApL is the pseudolayer thermal conductivity coefficient;
A a is the air thermal conductivity coefficient.

OpL ZZGACZ+ZGA >

XPLAa .

h
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Not accounting for the influence of oxide films in
the actual contact zone on the CTR, it can be assumed that
Aac=A, where A is the thermal conductivity coefficient of
the contacting materials.

. . . A, . .
Then, introducing the notationn = A—' , we will receive
a

weprlie]

According to the data of the work [21],

“4)

- 0,48075 A,
Or

A

where o7 is the yield strength of the contacting materials,
from which

0,48075
n=— —
Or

dq-

In the case of contact of parts with different physical
and mechanical properties, the arithmetic mean of the yield
strengths of their materials can be taken as the o7 value.

Taking into account that due to the presence of
macrodeviations, the ACZs are concentrated in the region
of contour areas [23], and that ACZs consist of a combina-
tion of actual contacts of microroughnesses, and closed
volumes filled with air or oil (Fig. 4), the value of RC,3-4) is
calculated using dependencies (1) and (2):

c AT %
x(3-4) =

001P Ap

_ 0,055+7,403-10°1-2,216-10"% 2 °
0,01/Un ApL

RESULTS

For numerical simulation for the used sample material
(grade 15 steel), the authors accept o7=240 MPa,
A=55 W/(m-°K), 1,=0.028 W/(m-°K).

The results of measuring the temperature difference
tin—tow on the stand (Fig. 2) for 6-fold measurements are
shown in Fig. 7 by points, and the simulation results esti-
mated by the temperature difference in FE No. 1 and No. 5
are shown by a solid line. The scatter of experimental data
relative to the calculated curve can be estimated by a stand-
ard deviation equal to 0.192.

Fig. 8 shows the numerical simulation at different
roughness of contacting surfaces of the samples.
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The influence of filling of closed cavities during
the contact of rough surfaces with oil was simulated using
the dependence (4), where the value of the thermal conduc-
tivity coefficient of oil was substituted for As (Fig. 9).
The thermal conductivity coefficient of oil is about
500 times less than the thermal conductivity coefficient of
steel, and for mineral oils at a temperature of 20 °C it is

( tBX - tBbIX) ’ OC

0.104 W/(m-°K) [24]. The value of the thermal conductivity
coefficient for oils used in spindle units, equal to
0.143 W/(m-°K), is indicated in [25].

Thus, for closed cavities of the simulation model
filled with oil, it is possible to choose the value of the
thermal conductivity coefficient from the range of
2=0.1...0.14 W/(m-°K).

30
28
a
26
+
2
24 o 3 d
X A 8 S
22 2
0 2000 4000 6000 Q, H

Fig. 7. The results of field measurements (points) and simulation (solid line)
of the temperature difference tsx—tsx depending on the compression force of the samples
Puc. 7. Pesyniomamul HamypHuIX usmeperul (mouKku) u Mooenupo8anus (CnIOWHAsL TUHUSL)
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Fig. 8. The results of numerical simulation of the temperature difference tox—teux
depending on the pressure in the joint at different roughness of the contacting surfaces:
1 — Rar=Ra2=0.1 um; 2 — Ra1=0.1 um, Ra2=3.2 um; 3 — Rai=Ra2=3.2 um
Puc. 8. Pesynbmamvl YUCIEHHO20 MOOEIUPOBAHUS PASHUYbL MEMNEPAMYD Lox— Lewix
6 3A8UCUMOCIIU OM OABNEHUs 8 CIbLKe NPU PASIUHOL UEPOX08AMOCHU KOHMAKMUPYIOWUX NOBEPXHOCMELL:
1 — Rai=Ra2=0,1 mxm; 2 — Ra1=0,1 mxm, Ra2=3,2 mxm; 3 — Rai=Ra2=3,2 mxm
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Fig. 9. The influence of oil in the contact zone on the temperature difference tox—tsux:
a solid line — air (A3=0.028 W/(m- K)); a dotted line — oil (Anu=0.12 W/(m- K));
1 — Rai=Ra2=0.1 um; 2 — Ra1=0.1 um, Ra2=3.2 um; 3 — Rai=Ra2=3.2 um
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1 — Rui=Ra2=0,1 mxm; 2 — Ra1=0,1 mxm, Ra2=3,2 mxm; 3 — Rai=Ra2=3,2 mxm
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Fig. 10. The results of numerical simulation of the temperature difference to—tsux
depending on the pressure in the joint for various steel grades:
1 —Cm.15 steel; 2 — Cm.45 steel; 3 — Cm.40X steel; 4 — Cm.40XH steel
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1-Cm.15;2—Cm.45; 3—Cm.40X; 4 — Cm.40XH
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The influence of grades of contacting materials was
evaluated by numerical experiments, with samples from
the grade 15 steel (A=55 W/(m-°K), o©7=240 MPa),
grade 45 steel (A=48.1 W/(m-°K), o7~=680 MPa),
40H steel (A=46 W/(m-°K), o67=775 MPa), and 40HN steel
(A=44 W/(m-°K), 6r=1050 MPa). The simulation results are
shown in Fig. 10.

DISCUSSION

The results of full-scale and numerical experiments,
confirm the earlier conclusions of some researchers, about
the significant influence of pressure in a joint on CTR [11;
14; 17]. Moreover, this influence is especially manifested in
the region of low pressures. This result can be adequately
explained by the increase in the actual contact area as
the pressure increases.

The influence of the roughness of the contacting sur-
faces (Fig. 8) affects the entire pressure variation range,
which confirms once again the necessity of a reasonable
selection of this parameter when designing process
equipment.

Simulation showed that the liquid layer (oil) introduc-
tion into the contact zone reduces the CTR (Fig. 9). A simi-
lar conclusion was obtained in the work [9]. However, one
should note that this influence is significant only at a signi-
ficant roughness of the contacting surfaces, and only at low
pressures.

The simulation results for different steel grades
(Fig. 10) show that in critical cases it is necessary to con-
sider the material yield strength, the values of which for
different steel grades can differ significantly. This is parti-
cularly true when using alloyed steels.

The results obtained indicate that the CTR decreases
with an increase in the thermal conductivity of the con-
tacting metals, an increase in the force of compression of
the samples, and an increase in the surface treatment
quality.

CONCLUSIONS

1. The conducted full-scale experiments both qualita-
tively and quantitatively confirmed the adequacy of the pro-
posed technique for using large-block finite elements and
the regression dependence describing the modelling of
a flat joint in the form of a pseudolayer during the heat flow
passage.

2. The results obtained confirmed the significant contact
thermal resistance dependence on the nominal pressure in
the joint. This dependence is especially manifested at low
pressures (<10...15 MPa), and has a pronounced decreasing
characteristic.

3. The influence of lubrication in the contact zone
should be considered only for highly rough contacting sur-
faces (R.>1 pm).

4. When designing assembly units, with the possibi-
lity of varying the grades of steels used, one should pay
attention to the values of the material yield strength, with
an increase in which the contact thermal resistance in-
creases.

10.

11.

12.
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Annomayun: AHanM3 KOHCTPYKIMHA TEXHOJOTHYECKOTO O00OpPYIOBAHUS MPH NMPOSKTUPOBAHHH IO TEMIIEPATYPHOMY

KPHUTEPUIO SIBIETCS HEOOXOIMMOM rapaHThell obecneueHus] TpeOyeMbIX 3KCIUTyaTallMOHHBIX XapakTepucTHK. Hammdame
3HAYUTEIILHOTO KOJIMYECTBA JIeTalel B y3/1aX 1 MEXaHU3Max TEXHOJIIOIMYECKOro 000pyJOBaHUsI TPEOYET MPH MPOEKTUPO-
BaHWM MPOTHO3UPOBAHMS ITPOXOXKAEHHS TEIUIOBOTO TOTOKA uepe3 coennHeHus. MHoroodpasue TpeOOBaHUN K COEANHE-
HUIO TIPH MOJIETMPOBAHUN KOHTAKTHOTO TEPMHUIECKOTO COMPOTUBIICHUS MOXET OBITH yYTEHO BBEACHHEM B 30HY KOHTAKTa
ncesaocios. IlpuBeaeHsl pe3ynbTaTsl IPOBEPKU NMPENTI0KEHHON PErpeCCHOHHOM 3aBUCUMOCTH U3MEHEHHS TeMIIepaTyphl
IIPU MPOXOXKJICHUU TEIUIOBOTO MOTOKA Yepe3 IICEBAOCIOH, MOMydIEeHHOH NPH ydeTe YeThIpeX CYLIECTBEHHBIX (PakTOpoB:
TOJIIIMHEI TICEBIOCIIOSI, HOMHHAIBHOTO JIABJICHHUS, MpEeeNa TeKydecTH MaTepualia, paclioIOXKEHHUs 30HbI (PaKTHIECKOTO
KOHTaKTa. AJIEKBaTHOCTh YKa3aHHON pPEerpeCCHOHHOI 3aBHCHUMOCTH NPOBEPSIIACh IKCIIEPUMEHTATIBHO U C UCIIOIb30BaHHEM
YHUCJIEHHOTO MOJICTUPOBaHHS C IPUMEHEHHUEM KPYITHOOJIOUHBIX KOHEYHBIX 3JIeMeHTOB. JlJIsl onucaHus mpolecca Teroo0-
MEHa B 3JEMEHTaX TEIUIOBOM MOJENN OBbUIM OIpEeAEIeHbl KOHTAKTHBIC TEPMHUYCCKHE COTPOTHBICHHUS U HECKOJIBKHX
YCIIOBHH paclpOoCTpaHEHUs TEIUIOBOTO MOTOKA: OT OJHOIO KOHEYHOIO 3JIEMEHTa K ApYyroMy B Ipefeiax OJHOW JeTaiu;
OT OJJHOTO KOHEYHOT'O 3JIEMEHTa K JPYTrOMY, PAacIOJI0KEHHOMY B COCETHEH IeTalu; MPOXOXKICHHS TEIUIOBOTO IMOTOKA Ye-
pe3 3aMKHYTBIE MOJOCTH; PACIIPOCTPAHEHHS TEIJIOBOTO MOTOKA B OKPYXKAIOILIYIO CPEy JUI KOHEYHBIX 3JIEMEHTOB, PACIIO-
JIO)KEHHBIX Ha HapyXHOM (CBOOOJHOM) KOHType aeranu. [IpoBeneHHbIe SKCIEPUMEHTHI OKA3aJId XOPOIee COBIAICHHE
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