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Abstract

The convective heat transfer coefficient (CHTC) is a key parameter for thermal analysis. The calculation method of empirical
equations cannot accurately reflect the real situation of an object, especially when the fluid temperature is a variable, making the
CHTC calculation more difficult. Based on finite element (FE) thermal analysis, an iterative algorithm of FE thermal analysis
combined with experimental data was proposed. Furthermore, in the thermal analysis process, the temperature of the object itself
changes and the heat is not uniform. The adopted CHTCs dynamically varied with the uneven wall temperature and ambient
temperature. A CHTC gradual change “dynamic boundary condition™ application mode was used. The interactive iterative
calculation was completed by the FE software ABAQUS 6.14 and MATLAB 2016b, and a program was written to improve
the calculation accuracy of the CHTC using multiple iterations. Taking the machine tool ball screw feed system as an example, a
large number of experiments were conducted over 1 year under different ambient temperatures to verify that the method
described in this paper was accurate and feasible. In addition, the relationship between the CHTC and ambient temperature
change was found determined, and an explanation was provided.

Keywords Convective heat transfer coefficient (CHTC) - Thermal analysis - Ball screw feed system - FE simulation

1 Introduction

The presence of thermal errors in machine tools is increasing
and can occur in up to 40-70% of tools [1, 2], demonstrating
the urgent need for methods to reduce these errors. Thermal
analysis is widely used as an effective method to reduce ther-
mal error [3-5]. However, the accuracy of this method is af-
fected by the precision of the temperature field distribution
model, which has become a very critical part of tool design
and development [6, 7]. Two methods can be used to establish
the temperature field model, experimental measurements and
FE simulations. Compared with the FE method, the experi-
mental method is more accurate but may be limited by the
experimental conditions. Temperature measurement points of-
ten cannot cover the whole machine tool; therefore, the
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information of the entire machine cannot be obtained. Thus,
the current method for establishing an overall machine tool
temperature field is an FE simulation calculation, and the ex-
perimental measurement method is used to verify the accuracy
of the simulation results. However, in the FE method, it is
difficult to set the boundary condition of the thermal analysis,
and the process is typically not consistent with actual situa-
tions [8], thus increasing thermal analysis errors [9].

The most common calculation method of CHTC is based
on similarity criteria; however, the similarity criteria are close-
ly related to or influenced by the experiment, conditions and
various other factors. Hence, the calculated results also devi-
ate. Yang et al. [10] presented a method to combine experi-
mental data and an RBF neural network to calculate the
CHTC of a ball screw. Li et al. [11] constructed a neural
network based on RBF to compute the CHTC for thermal
simulation of a spindle system. Fan [12] presented an inverse
method based on thermographic temperature measurements,
and the CHTC distribution of a flat plate surface was estimat-
ed by iteratively calculating the temperature distribution equa-
tions. Zhang et al. [13] proposed a method for thermal perfor-
mance modelling and simulation of machine tools by consid-
ering the simulation boundary conditions, and they studied the
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data flow and required initial and boundary conditions for the
thermal-structural coupled FE simulation method. Shi et al.
[14] adopted an experiment-based thermal error modelling
method to study a dual ball screw feed system of precision
machine tool. Neugebauer R [15] provided an extended pro-
cedure for determining the convective boundary conditions of
transient thermal simulations of machine tools to help set
boundary conditions for thermal analyses.

In this paper, the CHTC, the key parameter in thermal
analysis, was studied in detail, and the CHTC was recalculated
and calibrated while taking into account the impact of varying
temperature differences in the calculation process. Thus, the
boundary condition setting was closer to results in actual sit-
uations. In addition, a discrete segment-loading model called
the dynamic boundary condition was proposed in the thermal
analysis. Finally, the time period of drastic external tempera-
ture changes was selected in 1 year. Using a vertical milling
centre feed system as an example, the CHTC calculation
method presented in this paper was verified, and the relation-
ship between the effects of ambient temperature changes and
the CHTC was discussed.

2 CHTC calculation method
2.1 Calculation principle

Currently, the CHTC calculation method is the most common-
ly used empirical formula, but the method is generally influ-
enced by similar experimental correlations, which have a low
calculation accuracy for engineering problems that require
high precision [16, 17]. Based on the empirical formula cal-
culation method, which combines FE thermal analysis and
experimental data, an iterative CHTC calculation method
using FE thermal analysis is presented in this paper.

A small temperature difference At was experimentally
measured in a very small period of time; then, the CHTCs
were calculated using an empirical formula and were then
used in thermal analysis to obtain the corresponding temper-
ature field distribution. Then, the temperature field and mea-
sured temperature values were compared to determine wheth-
er the error between the simulation and experimental values
was less than 1% as the judgement condition. Through joint
programming with MATLAB and Python, the cycle compu-
tation of the above judgement was performed, CHTCs that do
not meet the requirement were corrected, and thermal analysis
was repeated. Additionally, the CHTC was affected by the
temperature difference. In thermal analysis, the temperature
difference changes as the temperature of the object increases.
Therefore, a constant CHTC in the analysis could inevitably
lead to certain errors. The total temperature difference of the
research object was divided into several sub-temperature dif-
ferences, and the CHTCs for each sub-temperature difference
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were obtained by the calculation method presented in this
paper. Then, in thermal analysis, a changed “dynamic
CHTC” setting mode was used, which reduced the influence
of the temperature difference on the accuracy of the CHTC
calculation and improved the simulation precision.

The CHTC was corrected by adding or subtracting one or
more A/ from the initial CHTC calculated by the empirical
formula. According to the literature [10, 11], in the FE tem-
perature field simulation calculation of a machine tool, the
value of CHTC is 3—10 times greater than the theoretical cal-
culation value. Therefore, integers of the CHTC theoretical
calculation values were used as the values in the 2h database.
The program was designed to perform a modified and circu-
lation calculation of the CHTC by adding and subtracting Ah
when the values did not satisfy the judgement conditions.
When addition or subtraction A/ failed to satisfy the judge-
ment condition, the program automatically halved the current
Ah value until the condition was satisfied.

2.2 Calculation process

The complete process of the CHTC calculation method at the
defined ambient temperature presented in this paper was as
follows:

First, the FE thermal analysis model was established. Over
a very small period of time, the surface temperature of the
object was increased by heat generation; then, temperature
t1 was measured. According to the ambient temperature 70,
the corresponding temperature difference A¢1 was calculated.
Then, the CHTC /1 was calculated used MATLAB, and /1
was used in thermal analysis to find the temperature field T1.

Next, the temperature field T1 and experimentally mea-
sured temperature field TO were compared. When the simula-
tion error of the temperature field was less than 1%, i1 was
considered to be the exact value. Otherwise, /1 needed to be
corrected. When (T1-T0)/T0 < 1% was not established, the
temperature fields TO and T1 were judged immediately. If
T1 was larger than TO, a A% was added to i1, h2 =hl + Ah.
Then, 42 was used to repeat the thermal analysis. If T1 was
less than TO, then a Ah was reduced on the basis of 41, 73 =
h1 — Ah. Then, thermal analysis was carried out again with
h3. The program was designed to achieve a cycle of the above
calculation steps until the conditions were satisfied.

Finally, considering CHTC was affected by temperature
difference. To better represent the actual situation and improve
the simulation accuracy, the thought of FE was applied to
divide the total temperature difference into several subinter-
vals. Combined with the temperature values of the experimen-
tal measured points, the CHTCs of each subinterval were cal-
culated using the method presented in this paper. After that, in
FE thermal analysis, the CHTC was set as a dynamic param-
eter that changed with temperature. In the simulation calcula-
tion process, different CHTCs were called in the
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corresponding temperature section, which formed a dynamic
CHTC setting mode that changed with temperature. The mod-
el was closer to the actual situation and helped to improve the
accuracy of the simulation analysis results.

To sum up, the CHTC algorithm process can be
summarised into two portions. One was to introduce experi-
mental data to design an algorithm module for accurately cal-
culation single CHTC; the other was the division of the multi
temperature difference and the setting of dynamic boundary
conditions to solve the temperature field. The algorithm re-
search process of the CHTCs is shown in Fig. 1.

3 CHTC thermal analysis and calculation
3.1 Thermal test of the ball screw feed system

The milling centre ball screw feed system consists of a table,
saddle and ball screw. For thermal analysis of the feed system,
the following experiment was designed. The feed speed of the
table along the X-axis was 4000 mm per minute, and the
motor speed was 267 turns per minute. The total experimental
time was 4 h. The ambient temperature of the machine tool
was approximately 11 °C.

The heat source of the machine tool was relatively fixed.
Accordingly, to accurately establish the temperature field of

Fig. 1 Algorithm research

Established the FE
thermal model

the feed system, some key temperature points [18-20] were
chosen, and nine platinum resistance temperature sensors (T1-
T9) were fixed on the feed system [21], as shown in Fig. 2.
Besides, three platinum resistance temperature sensors were
placed in the air around the feed system, and a high precision
humidity and temperature meter were placed on the table top
to measure the real-time change of the ambient temperature. It
can be seen from the multiple sets of measurement data that
the ambient temperature changes within the range of 0.2—
0.6 °C. Therefore, under the closed workshop ambient tem-
perature, small fluctuation of the ambient temperature has lit-
tle effect on data acquisition and simulation calculation of the
experimental testing system. The experimental testing plat-
form is shown in Fig. 3.

3.2 Establishment of the thermal analysis model
3.2.1 Establishment of the solid model

The solid model of the feed system is shown in Fig. 2, and the
ball screw was not established in the solid model since the
temperature of the ball screw pair could not be measured di-
rectly by the platinum resistance temperature sensor under the
current experimental conditions. But in the simulation calcu-
lation process, the heat generation of the ball screw pair was
taken into consideration. The heat generated from the ball
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Fig.2 Ball screw feed system and
temperature measuring points

screw pair was loaded on the screw bearings at both ends of
the ball screw according to the heat conduction theory and the
distance between the ball screw pair and the two ends of the
ball screw bearings. Therefore, two temperature sensors (T5
and T6) were fixed near both ends of the ball screw to monitor
the temperature changes of the screw, and in the subsequent
analysis, the case of no ball screw was considered. Therefore,
the results of thermal analysis were not affected in the case of
no ball screw in the solid model.

3.2.2 Development of the finite element model

The feed system used two major materials, Uniloy Alloy and
HT300. Uniloy Alloy was applied to the guide-ways and slid-
er. Furthermore, the saddle, motor coupling and table used
HT300. The properties of the two material were assigned to
the respective structures in ABAQUS, and the property values
are shown in Table 1. In addition, chamfers, holes and fillets
were ignored. In this paper, the four-node linear heat transfer
tetrahedron DC3D4 element type and the automatic
partitioning method for meshing was adopted to establish
the FE model by ABAQUS. When determining the mesh size,
the relationship between the displacement precision and the
computation time that varies with the mesh quantity was taken
into account. The mesh size of the FE model was determined
according to the type of data, the condition of loading and
grids economic. Moreover, the single guide-way of the

Fig. 3 Experimental testing
platform
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machine tool feed system was selected to perform multiple
trials of different mesh size, and finally determining the
existing grid division was relatively optimal. Figure 4 shows
the results with 61,616 elements and 15,951 nodes.

3.3 Thermal source analysis
3.3.1 Heat generation in the motor

Motor heat is a very complex process, so in currently used
CNC machine tools, heat generation in the motor is computed
by the following equation [22]:

MTI’Z
H = 52 (1) (1)

where M7 is the output torque of the motor (IV,,,,), n is the
rotating speed of the motor 7pm, and 7 is the motor efficiency.

3.3.2 Computation of the ball screw bearing friction heat

A single row angular contact bearing was used in the feed
system presented in this article. The friction heat generated
by these bearings was similar to that of the guide-ways, which
can be calculated by the following equation [7, 23, 24]:

Hy=1.047 x 10™*nM (2)
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Table 1 Material properties of the ball screw feed system Table 2  Heat transfer coefficients of contact surfaces

Material Uniloy alloy HT300 Type of joint surface Heat transfer coefficient (W m 2 °C™")
Density (kg m ™) 7820 7300 Steel joint 3200

Modulus of elasticity (Gpa) 206 143 Cast iron joint 1800

Poisson’s ratio 0.30 0.27

Linear expansion coefficient (10> K™ 1.10 1.12 ] o )

Thermal conductivity (Wm ' K ') 163 45 angle,Me is the friction resistance moment (Nmm), and Mg
Specific heat capacity (kg ' K') 460 510 is the geometric sliding friction torque (Nmm).where,

where M is the frictional torque of the bearing (Nmm), n is the
rotating speed of the bearing (rpm), and H;is the heat gener-
ated power (W). The total frictional torque Mconsists of two
parts and can be calculated as follows:

M =M, + M, (3)

where M, is the mechanical friction torque caused by the
applied load, M, is the viscous friction torque due to the vis-
cosity of the lubricant.

My = f\pidn (4)
where f] is the factor related to the bearing type and load, p; is
the bearing preload (), and d,, is the mean diameter of the
bearing (mm).

M; = ]0'7f0(v0n)2/3dm if von=>2000 (5)
M, =160 x 1077f0dfn if von < 2000 (6)

where f; is the factor related to bearing type and lubrication
method and vy is the kinematic viscosity of the lubricant.

3.3.3 Computation of the ball screw pair friction heat

The calculation method of friction heat generation of the ball
screw pair is the same as that of ball screw bearing, but the
friction torque is different. The friction moment can be calcu-
lated by the following empirical equation [25]:

M = 2z(Me + Mg)cosf3 (7)

where z is the of rolling elements, § is the screw helix
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Fig. 4 FE model of the ball screw feed system
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where v is the sliding velocity, it can be determined by eq.
(10). m,, and m are the coefficient related to the eccentricity
of the sphere contact deformation ellipse. F is radial pressure
of a single sphere (N), pis sliding friction coefficient. oy and
o, are the Poisson’s ratio of the materials. £ and E, are the
modulus of elasticity (Gpa). Y.p=pi1+ p12+ P21+ P22,
P11,P12-P21 and po, are the principal curvature of two rolling
bodies. R = lef}gz , Ry and R, are the radius of curvature of the
raceway and the ball.

With the egs. (2) (7)—(10), the heat generation of the ball
screw pair can be calculated, and then, it is converted into the
thermal load applied to both ends of the ball screw bearings
through the knowledge of heat conduction.

3.3.4 Computation of the friction heat of the guide-ways

The guide-ways are the HSR25A type, which is a rolling
guide. When calculating their friction heat, the friction coeffi-
cient must be taken into account, but the friction mode cannot
be considered. The friction heat generated can be computed by
the following equation:

0 = pFv (11)

Table 3  Results of heat flux of the heat sources

Heat source Heat flux (W mfz)

Table slider 2008
Motor cabinet 875
Left slider of the guide-ways 2008
Right slider of the guide-ways 1667
Left ball screw bearing 776
Right ball screw bearing 750
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Fig. 5 Loading principle of the mobile heat source

where Q is the generation heat (W), pis the friction coefficient,
F is the pressure applied to the friction surface (), and v is the
velocity of table (m s h.

3.3.5 Computation results of the heat flux

The calorific value of each heat source can be calculated ac-
cording to the heat generation formula. In this study, thermal
contact resistances at the main joints affecting thermal transfer
in the feed system were considered. The surface heat transfer

Fig. 6 Exact simulation results in
the first 32 min

NT11

+1.652e+01
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+1.563e+01
+1.518e+01
+1.474e+01
+1.429e+01
+1.385e+01
+1.340e+01
+1.296e+01
+1.251e+01

+1.207e+01
+1.162e+01
+1.118e+01

coefficient is shown in Table 2, which was usually determined
by experimental measurements. On the basis of the heat trans-
fer theory and the related knowledge of thermal contact resis-
tance between the bonding parts, the specific heat flux of the
heating components was given. And the heat flux of the ball
screw pair was transferred to the both ends of the screw bear-
ings. Then, the heat flux was loaded into the FE model in form
of thermal load. The calculation results of the heat flux of the
heat sources are shown in Table 3.

3.4 CHTC calculation
3.4.1 Moving heat source loading

Using the ball screw feed system of machine tool as an exam-
ple, the ambient temperature is 11 °C. The friction heat gen-
erated by the slider and the guide-ways belongs to a moving
heat source, and the moving heat source loading is a very
important step in the FE thermal analysis. Currently, the most
commonly used method is to use a heat source function to
simulate moving heat loading. This method ensures that the
boundary condition is set more closely to the actual situation.
However, the rapid increase of calculation time and
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Table 4 NCHTCs of the plate 4,
(Wm?2K™ Ambient temperature Wall temperature Temperature NCHTC:s (4,)
difference
Theoretical values Simulation values
11 °C 12 °C 1°C 1.862 7.448
13 °C 2°C 2.213 8.852
14 °C 3°C 2.448 9.792
15 °C 4°C 2.629 10.516
16 °C 5°C 2.779 11.116
17 °C 6 °C 2.907 11.628
18 °C 7°C 3.020 12.080

calculation amount makes the most commonly used loading
method not necessarily the best. Moreover, friction heat
comes from friction power consumption, so the total friction
heat was identical in the contact area regardless of the function
distribution of the heat source model used to analyse the fric-
tion heat. Therefore, in this paper, a subsection loading meth-
od under uniform load is presented. That is, over a very short
period of time, a fixed heat flux was loaded into a region of the
friction plane. Over the next short time period, the fixed heat
flux loading moved to another friction plane. Thus, the mov-
ing heat source generated by the friction was able to be loaded
on the entire friction plane.

According to the table velocity and data sampling time, each
of the guide-ways friction planes was divided into five regions.
A slider is used as an example, where section 0 is the length of
the slider and segments 1, 2, 3 and 4 are the distance the slider
moves every 1.5 s. Then, according to the partitioning situation
of the friction plane of the guide-ways, a mobile heat source
loading method was presented, as shown in Fig. 5. Combined
with the reciprocating motion of the table along the X-axis, the
corresponding relationship between the friction heat generation
and time was established. The total friction heat generated dur-
ing the movement of the slider was separately loaded on the
friction surfaces of the guide-ways.

Table 5 NCHTCs of the cylinder

h,(Wm 2K Ambient temperature Wall temperature Temperature NCHTCs (h,)
difference
Theoretical values Simulation values
11 °C 12 °C 1°C 2.589 11.003
13 °C 2°C 3.078 13.082
14 °C 3°C 3.405 14.471
15 °C 4°C 3.656 15.538
16 °C 5°C 3.865 16.426
17 °C 6 °C 4.043 17.183
18 °C 7°C 4.201 17.854
19 °C 8 °C 4341 18.449
20 °C 9 °C 4.469 18.993
21 °C 10 °C 4.586 19.491
Table 6 NCHTCs of the end face
of the screw seat s (W m 2 K ™) Ambient temperature Wall temperature Temperature NCHTCs (hy)
difference
Theoretical values Simulation values
11 °C 12 °C 1°C 2.631 11.182
13 °C 2 °C 3.127 13.290
14 °C 3°C 3.459 14.701
15 °C 4°C 3.715 15.789
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Fig. 7 Temperature distribution
of the ball screw feed system
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3.4.2 Calculation

For the machine tool ball screw feed system, the CHTC of the
stationary part is the natural convection heat transfer coeffi-
cient (NCHTC). In this experiment, although the table was a
moving part, its velocity was slow and uniform. The
Reynolds number Re was used to determine that the table
was still considered to be the NCHTC to compute. In addi-
tion, the physical parameters of the air were the same at the
same temperature. When calculating the NCHTC of each part

Fig. 8 Tradition simulation
results of the temperature field
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of the ball screw feed system, the NCHTC of the rectangular
plane (plate) components with the same material were con-
sidered to be identical [26]. For cylindrical components, it
was not possible to determine whether the size differences
could be ignored; therefore, the differences were calculated
separately in the text. Additionally, to improve the accuracy
of the analysis, the NCHTC of the motor coupling surface of
the rotating motor and NCHTC of the ball screw seat surface
near the rotating ball screw were also separately calculated
[27]. In summary, three NCHTCs were calculated, including
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Fig. 9 Modified simulation
results of the temperature field NT11
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the plate parts /,, cylindrical parts /. and end face of the ball
screw seat /1.

Dynamic setting of the CHTC was also a focus of this
article. The inter-partition setting of CHTC was achieved with
the help of ABAQUS and MATLAB. After setting the bound-
ary conditions, the NCHTC was calculated by the method
presented in this paper.

In the design experiment, after a short amount of assume
time, the temperature difference was calculated by measuring
the surface and initial ambient temperature of each compo-
nent. Then, the program was called to calculate the initial

165: Step Time =

Deformed Var: not set Deformation Scale Factor: not set

240.0 T T 13

ODB: Job-table11.0db Abaqus/Standard 6.14-2 Tue Mar 27 17:16:53 GMT+08:00 2018

X
Y Step: Step-60
Increment  165: Step Time =
> Primary Var: NT11

Deformed Var: not set Deformation Scale Factor: not set

240.0

NCHTCs of each component at that time, and through the
cycle calculation, the final NCHTCs of each component were
obtained. The exact simulation temperature field for the first
32 min is shown in Fig. 6 (with the temperature measurement
points). During the entire experiment, the predicted total tem-
perature difference was divided into multiple intervals, and the
exact NCHTCs of each part were calculated according to the
method presented in this paper. The calculated NCHTCs are
shown in Tables 4, 5 and 6.

Finally, the best NCHTCs for each component were obtain-
ed; the program adopted these NCHTCs to perform a thermal

Table 7 Comparison of the

temperature values and No. of the Simulated values (°C) Experimental Simulation errors (%)
simulation errors points values (°C)
Tradition Modified Tradition Modified

Tl 12.312 12.539 12.690 -2.971 —1.189
T2 12.322 12.554 12.684 —2.854 —1.025
T3 12.318 12.563 12.706 —3.053 -1.125
T4 12.309 12.547 12.689 —3.071 -1.119
T5 17.137 17.974 18.087 —5252 —0.625
T6 13.102 13.353 13.675 —4.190 —2.354
T7 14.895 15.754 16.015 —7.685 -1.629
T8 12.424 12.614 12.688 —2.081 —0.583
T9 12.419 12.608 12.572 -1.217 0.286
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Fig. 10 Comparison of the a
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analysis of the entire ball screw feed system of the machine
tool. The final calculated temperature field is shown in Fig. 7.

3.5 Calculation results

From the above calculations, it is observed that the NCHTC
gaps in different temperature ranges were relatively large.
Particularly when the object temperature was high, the
NCHTC of a large temperature difference even reached 2—3
times that of the NCHTC under a small temperature difference.
Hence, it was necessary to segment the NCHTC. To further
illustrate the advantage of the proposed calculation method,
the simulation results by the method presented in this paper
were compared with simulation results calculated by the tradi-
tional empirical formula. The simulated temperature field and
the modified simulation temperature field are shown in Fig. 8
and Fig. 9, respectively. Meanwhile, two types of simulation

+Amb|ent temperature

errors were calculated, as shown in Table 7. Otherwise, the
simulated and measured temperature values of T1, T5 and T8,
which were larger temperature differences and distributed on
different components, were compared. The temperature curves
of the three points were plotted, as shown in Fig. 10.

By analysing the calculation results, it was observed that
the iterative computation method proposed in this paper
was not only accurate but also improved precision com-
pared with the traditional experience method. Particularly
at a relatively high temperature, the simulation results were
closer to the experimental results. Furthermore, the biggest
advantage of the algorithm presented in this paper was that
it was relatively easy to measure only a few points and the
exact CHTCs could be calculated using a FE thermal sim-
ulation and the experimental data. Using these CHTCs, the
accurate temperature field distribution of the object was
determined.

Table 8 NCHTCs #.. at different

ambient temperatures Temperature /.1 h2 h3 hA h5 h6 h.7 h8 h9 10

(Wm 2K
15 °C 1097 13.03 1442 1549 1636 17.12 1779 1838 1893 1942
17 °C 1094 1301 1439 1546 1634 17.09 1776 1835 18.89  19.38
21 °C 1090 1296 1434 1540 1628 17.03 1769 1828 18.82 1932
24 °C 10.87 1293 1429 1536 1623 1698 17.64 1824 1877 1927
27 °C 10.84 1289 1426 1532 1619 1694 1759 1819 1872 19.21
30 °C 10.81 1285 1422 1527 1614 1691 1755 1813 1867 19.16
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Table9 NCHTCs £, at different ambient temperatures (W m 2K

Temperature  h,1  h,2  h3  h4 h,5 hy,6 hy7

P P

15 °C 742 882 976 1048 11.08 11.59 12.04
17 °C 741 88l 974 1046 11.06 11.58 12.03
21 °C 738 877 970 1042 11.02 11.53 11.97
24 °C 736 875 9.68 1039 1099 11.50 11.94
27 °C 734 873 9.65 1037 1096 1146 1191
30 °C 732 870 9.63 1034 1093 11.43 11.88

Table 10 NCHTCs 4s at different ambient temperatures (W m > K )

Temperature hgl h2 hg3 h4 hs5

15 °C 11.14 13.24 14.65 15.73 16.63
17 °C 11.12 13.22 14.62 15.71 16.60
21 °C 11.08 13.17 14.57 15.65 16.54
24 °C 11.05 13.13 14.53 15.61 16.49
27 °C 11.02 13.10 14.49 15.56 16.45
30 °C 10.98 13.06 14.45 15.52 16.40

4 Relationship between ambient temperature
and the NCHTC

4.1 Verification of the NCHTC at different ambient
temperatures

The NCHTC was affected by ambient temperature changes;
therefore, the environmental temperature should be considered
when calculating the NCHTC. On the basis of the NCHTC
calculation method described above, multiple experiments at
different temperatures over 1 year were conducted to study the
specific impact of ambient temperature changes on NCHTC.
Six groups of experiments at different temperatures were select-
ed to illustrate the process and detail the results, and the relation-
ship between the NCHTC and temperature was provided.
Since the temperature range of the workshop was approx-
imately 10-30 °C in 1 year, according to the actual condition
of the workshop, the ambient temperatures of the six experi-
mental groups were 15, 17,21, 24,27 and 30 °C. According to
the prediction highest temperature, the temperature differ-
ences of the plate parts, cylindrical parts and end face of the

Fig. 11 Comparison of the a  [6—simulated values of T5 - Simulated values of T5
temperature values of the six 22 [—+#— Experimental values of T5 24 [« Experimental values of T5
groups @) O -
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ball screw seat were divided into 10 intervals, 7 intervals and 5
intervals, respectively. The initial temperature difference was
1 °C, and the temperature difference was increased by 1 °C.
Then, the homologous NCHTCs of each interval were com-
puted, as shown in Tables 8, 9 and 10.

Three measuring points, T1, T5 and T8, were also chosen,
and the simulation results of above six groups were compared
with the experimental values, as shown in Fig. 11.

4.2 Results and discussion

The temperature changes over 1 year of studying machine
tool’s location showed a gradually increasing trend from
January to August, but the trend decreased after August.
Through the simulation and an experimental comparison of
the six groups described above, it was observed that the pro-
posed dynamic thermal boundary loading mode and calcula-
tion method of the NCHTC were feasible and accurate.
Meanwhile, the greater the temperature increase, the greater
the NCHTC required for thermal analysis. The component
movement can drive the airflow, which increases the
NCHTC. The specific relationship between the NCHTC and
temperature is summarised as follows: (1) at the same temper-
ature difference At, the NCHTC gradually decreased with the
increase of the ambient temperature, as shown by the left red
dotted line in Fig. 12a. (2) Under the same ambient tempera-
ture, as the temperature difference At increased, the magni-
tude of the NCHTC increase slowed, as shown by the dashed
red line in Fig. 12a. Under a thermal steady state, the variation
situation of three NCHTC values, 4, h. and s, with the tem-
perature is as shown in Fig. 12b.

However, according to the traditional similar principle, the
NCHTC of the same material should be the same under the
same temperature difference. Nevertheless, the NCHTC
changes when considering the variety of ambient tempera-
tures. Therefore, the above experimental phenomena were
analysed and explained below.

The physical parameters of air vary when the ambient tem-
perature increases, leading to changes in the NCHTC. The

@ Springer

dynamic viscosity, density, kinematic viscosity and thermal
diffusivity were the main parameters that caused changes in
the NCHTC. Other factors, such as the specific heat capacity,
thermal conductivity and Prandtl number (Pr) showed little
effect. It was found that the most influential parameter was
the kinematic viscosity, followed by the dynamic viscosity
and, finally, the thermal diffusivity. Moreover, with the tem-
perature increases, these parameters gradually increased; how-
ever, the specific qualitative relationship between them and
the NCHTC requires further study.

5 Conclusions

In this paper, a cyclic iterative calculation method of CHTC
based on experimental data and FE thermal analysis was pro-
posed. Experimental values were introduced at the beginning
of the iterative computation, and the calculation accuracy was
improved by cycling. In addition, taking into account the ef-
fect of temperature changes in the calculation process, the
dynamic mode of the CHTC setting was given by thinning
the temperature difference. The proposed method has the fol-
lowing advantages: (1) it is simple and operable. (2) In the
initial stage of the simulation, a judgement can be made by
comparing the simulation results with experimental values.
Therefore, this judgement could play a predictive role and
reduce the computation time and computation cost. (3) The
experimental data are added to the cyclic iterative calculation
to ensure the calculation accuracy. (4) The dynamic CHTC
setting mode is closer to the actual situation, and the simula-
tion credibility is higher.

Additionally, this article reveals the relationship between
the NCHTC and ambient temperature. The refinement of the
temperature difference was able to successfully calibrate the
NCHTC, which provides a new idea and reference for the
calculation and setting of the CHTC, especially for simula-
tions and analyses of objects with large temperature differ-
ences and time consumption.
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Nevertheless, the study presented in this paper was only on

a machine tool ball screw feed system. Future work should
investigate the improvement of thermal the simulation accu-
racy of machine tools.
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