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Abstract Heat transfer characteristics of a rolling wheel

are investigated by using the naphthalene sublimation

technique. The local and average Nusselt numbers are

obtained. The results reveal that the local and average

Nusselt numbers increase with increasing rotating Rey-

nolds number. Under the same rotating Reynolds number

they decrease along the radius direction. After comparing

with similar available cases reported, it is found that the

results are very close to the results of rotating disk in

crossflow under the condition that rotating Reynolds

number is equal the main flow Reynolds number.

List of symbols

A Total mass transfer area of the wheel (m2)

A1 The mass transfer area on the side surface of the

wheel (m2)

A2 Mass transfer area on the peripheral face of the

wheel (m2)

D Mass diffusivity of naphthalene vapor in air (m2/s)

hm Mass transfer coefficient (m/s)

hmr Local mass transfer coefficient (m/s)

l Distance between two points on the roiling wheel

(m)

n Exponent (-)

Nu Nusselt number (-)

Num Average Nusselt number (-)

Nur Local Nusselt number (-)

Nus Average Nusselt number of the peripheral face of

the wheel (-)

Patm Atmospheric pressure (Pa)

Pnw Saturated naphthalene vapor pressure (Pa)

Pr Prandtl number (-)

r Distance from the test point to the center of the

wheel (m)

R Radius of the wheel (m)

Rg The ideal gas constant of naphthalene vapor (J/

mol k)

Rex Rotating Reynolds number (-)

Reu Main flow Reynolds number (-)

Sh Sherwood number (-)

Shr Local Sherwood number (-)

Sc Schmidt number (-)

Tw Saturated temperature on naphthalene surface (K)

Greek

DM Naphthalene sublimation weight during a time

period (kg)

d(r) Naphthalene sublimation height (m)

m Kinematic viscosity (m2/s)

qnw Density of saturated naphthalene vapor (kg/m3)

qs Density of solid naphthalene (kg/m3)

s Time period of each test running (s)

x Angular speed of the test wheel (1/s)

1 Introduction

Rolling wheel can be encountered in various vehicles, such

as tire and the train wheel. Heat is produced by friction of

the tire and the wheel when cars and trains are running.

Convective heat transfer is the main way for heat transfer
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in such cases. If heat cannot be transferred effectively, the

heat will increase the temperature of the surface, and it will

affect not only the performance of tire and the train wheel,

but also the safety of the tire and the train wheel. Thus,

convective heat transfer characteristics of rolling wheel is

very useful for designing of the tire and the wheel.

Rolling wheel is quite different from the rotating disk or

wheel. Convection heat transfer from a rotating disk is also

important in the thermal analysis of rotating components of

various types of machinery. Many investigations have been

carried out for the rotating disk. Trinkl et al. [1] investi-

gated the mean heat transfer coefficient for a rotating disc

subjected to forced streams of air with an angle of attack in

a range of Reynolds numbers, and obtained the experi-

mental correlations between Nusselt number and Reynolds

number. Shevchuk [2] investigated turbulent heat and mass

transfer of a rotating disk for Prandtl and Schmidt numbers

much larger than unity using an integral method. Through

analyzing of the experimental data, Shevchuk [3] got the

relationship of average Nusselt number and the Reynolds

number in laminar, transition and turbulent flow in the

whole disk. He et al. [4] investigated the rotating disk with

coupling influence of the wheel rotating speed and air

velocity in wind tunnel with the naphthalene sublimation

technique. They obtained experimental correlations of

Sherwood number with the coupling Reynolds number and

correlations of Nusselt number with the coupling Reynolds

number. Beg [5], Cho et al. [6], Jong and Seong [7]

investigated heat and mass transfer of the rotating disk and

flat plate with naphthalene sublimation. Shevchuk et al. [8,

9] investigated the results of an exact solution of a laminar

heat transfer problem for a rotating disk with experimental

and integral methods. The results are important in different

types of rotating machinery. Zhang et al. [10] investigated

convection heat transfer coefficient with the naphthalene

sublimation principle through the wind tunnel experiments.

Ma et al. [11] studied local heat transfer coefficient of a

fixed position on a rotating disk with coupling influence of

the disk rotating speed and air stream flow velocity with the

naphthalene sublimation technique. Cao et al. [12] inves-

tigated the heat and mass transfer on air cooling rotating

disk in a disk-cap with naphthalene sublimation, and

obtained the relationship of local Sherwood number and

rotational Reynolds number. Astarita and Cardone [13]

investigated a rotating disk with a relatively small centered

jet perpendicularly impinging on it, and obtained a new

governing similitude parameter and a heat transfer corre-

lation for the Nusselt number at the wheel centre. Saniei

and Yan [14], Wiesche [15] and Chen et al. [16] studied

convection heat transfer coefficient from a rotating disk

with an air jet impinging on it. Soong [17], Christopher and

John [18] investigated convection heat transfer coefficient

and flow structure from a rotating disk. Cheng and lin [19]

investigated unsteady mass transfer in a steady flow field of

a laminar forced flow against a rotating disk and obtained

numerical results. Wiesche [20] numerically investigated

the aerodynamics of a free rotating disk in forced flow field

with constant mean velocity parallel to the disk plane and

derived the corresponding heat transfer correlations. Latour

et al. [21, 22] studied the local convective heat transfer

from a disk mounted on a shaft perpendicular to an air

crossflow.

Based on the previous review, it is found that although

there are many studies of the heat and mass transfer from a

rotating disk with both experimental and numerical meth-

ods, there are few reports concerning a rolling wheel as

shown in Fig. 1. Some investigations have considered the

attacked air stream effects on the heat transfer of a rotating

disk with the naphthalene sublimation technique. These

studies can be classified into two classes: one is rotation

wheel, and the other is moving rotation wheel. But these

classes do not include the case of rolling wheel. As shown

in Fig. 1, the movement of rolling wheel is quite different

from a moving rotation wheel. For rolling wheel case, there

should at least be a no moving surface on which the wheel

rolls. The no moving wall will enforce interaction to the

main attack air stream. There is one line on the wheel

which contacts with no moving surface and has zero

velocity. The characteristics of fluid flow change drasti-

cally compared with rotation wheel and moving rotation

wheel. Therefore, the convective heat transfer that depends

largely on fluid flow characteristics will be quite different

from the heat transfer of a rotation wheel or a moving

rotation wheel. From this point of view, the available for-

mer results of rotation wheel and moving rotation wheel

may not be applied directly to a rolling wheel without

further investigation. Motivated by this consideration, this

paper carried out experimental investigation of heat

transfer characteristics of a rolling wheel. The naphthalene

sublimation technique is used in the experiment.

Fig. 1 A rolling wheel with rotating and linear motion
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2 Experimental setup and procedures

To simulate the movement of a rolling wheel, there must

have a very long orbit on which the wheel rolls in the

laboratory room. However, the laboratory space is limited.

In order to establish the movement of rolling wheel and

save space, the orbit is designed as a circle shape. Figure 2

shows the schematic diagram of the experimental appara-

tus. The diameter of the orbit is 760 mm. The rotation arm

shafts are made of steel and driven by the electromotor

whose speed can be adjusted continuously.

As shown in Fig. 3, the test wheel and rolling wheel are

fixed together and have the same rotation speed when

rotation arm rotates in the experiment. There is a very

small gap (0.5 mm) between the test wheels and the orbit

when the rolling wheel is firmly contacted. The part

combined by the rolling wheel and test wheel can move in

a radial direction when rotation arm rotates. Thus, the

contact of the rolling wheel with the orbit relies completely

on the centrifugal force. To make sure that the rolling

wheel is rolling other than slipping in the experiment, the

rotating speed of rolling wheel is measured by Hall sensor

that is set close to the rolling wheel and fixed on the end of

rotation arm. Another test wheel with the same size is

mounted on the rotating wheel in the other end of rotation

arm to keep balance. For the purpose of preventing

vibration and swing of the experiment apparatus during the

experimental process, the fixed bracket is made of steel and

is heavy enough in weight. The rotating speed of rolling

wheel ranges from 550 to 1,900 r/min.

In order to ensure the weight, the weight of the test

wheel should be smaller than the measuring region of

electronic balance, thus the test wheel is made of alumi-

num. Details of test wheel with naphthalene coating are

shown in Fig. 4a. The test wheel is shown by slash and the

filling indicates the naphthalene. The size of the test wheel

is 76 mm in diameter and 15 mm in thickness. The hub

used to fix the wheel on the rolling wheel in the center is

12 mm in diameter and 3 mm in thickness, and the diam-

eter of the inner hole is 8 mm. The cast naphthalene is

76 mm in diameter and 3 mm in thickness on the side

surface of the test wheel, and the size of cast naphthalene

on the peripheral face of the test wheel is 12 mm in height

and 3 mm in thickness. There are four lines as shown in

Fig. 4b, which are distributed with 90� interval on the side

surface of the test wheel to define the measured positions.

There are many available methods to form the naph-

thalene coating on the test wheel. Goldstein and Cho [23]

reviewed and summarized the development of naphthalene

sublimation technique and its technical features. Casting is

a convenient and effective way. Before casting, the surface

of the test wheels and the metallic mold plate must be clean

Fig. 2 Schematic view of the

experimental apparatus

Fig. 3 Schematic view of the test wheel and the rolling wheel
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seriously with acetone. The crystal naphthalene is melted

in a beaker on an electric stove when heated to about

120 �C, the metallic mold and test wheel are heated to

40 �C. Stop heating when the naphthalene is boiling, cast

the molten naphthalene into the test wheels after 30 s. Let

the test wheels with molten naphthalene cool naturally in

the laboratory room until the naphthalene is completely

solidified, then remove the test wheels from the mold and a

smooth naphthalene surface can be obtained. Put the test

wheels in an airtight glass jar in the laboratory room for

1 day to reach thermal equilibrium in the laboratory room

temperature.

After aligning the measurement platform and test wheel

by the nicks, the initial height (H1) of the surface of the test

wheel is measured by an inductive micrometer with a

capacity of 600 lm and a resolution of 1 lm on the four

lines shown in Fig. 4b. The length step along the radius

direction is 0.5 mm. As shown in Fig. 4, the line of 0� is

the first measuring orientation. Then the test wheel is

rotated with 90� clockwise, and sublimation height is

measured. Thus, the data on the line of 90� is obtained. The

surface heights of remaining two orientations are measured

using the same way. The data is recorded on the computer

through an A/D converter. The weight of the test wheels is

recorded by an electronic balance with a capacity of 250 g

and a precision of 0.1 mg. After obtaining the initial weight

(M1) of each test wheel, the test wheels are mounted on the

rolling wheels. After running some time, the test wheels are

dismounted, then the weight (M2) of the test wheel and

height (H2) of the surface of the test wheel after sublima-

tion are determined by the way mentioned above. Conse-

quently, the final naphthalene sublimation weight and the

surface height of each test wheel can be expressed by the

following:

DM ¼ M1 �M2 ð1Þ
dðrÞ ¼ H1 � H2 ð2Þ

Every test wheel can only be used twice in experiment.

Thereafter the test wheel cannot be reused and is

completely cleaned with acetone prior to recasting. The

time period of next four rotating speeds (1,130, 1,410,

1,700, 1,960 r/min) are 4, 3, 3, and 2.5 h, respectively.

3 Experimental principle and data reduction

The naphthalene sublimation technique is an experi-

mental technique employed to determine heat transfer

coefficient in convection flow. The basic characteristic of

the techniques is that the heat transfer problem to be

investigated is replaced by an analogous mass transfer

problem. In the laboratory, only mass transfer experi-

ments are performed, and then heat transfer results are

obtained by exploring the concept of analogy between

heat and mass transfer.

The concept of analogy between heat and mass transfer

is based on the fact that for the same geometry and flow

condition, Nu and Sh are analogous to each other, and if Pr

is equal to Sc, then Nu also equals to Sh.

Nu ¼ f ðRe;PrÞ Sh ¼ f ðRe; ScÞ ð3Þ

In most case, it is very hard to select a fluid having the

characteristic that Pr = Sc. If air is used as the working

fluid, the following relationship exists.

Nu ¼ ðPr=ScÞnSh ð4Þ

where, the exponent n has been found in the range of 1/3 to

0.4, 1/3 is suit for a flat plate in laminar flow, and Sc = 2.5

for naphthalene [23–26].

The mass diffusivity of air-naphthalene is obtained from

the following expression:

D ¼ 0:0681
Tw

298:13

� �1:93
101325

Patm

� �
ð5Þ

In Eq. (5), Tw, saturated temperature of naphthalene sur-

face, is equal to the temperature of surroundings, which can

be obtained by thermometer. The temperature variation in

the diffusivity coefficient is determined from the range of

288–310 K [23–26]. Patm is the local atmosphere pressure.

The average mass transfer coefficient hm is calculated

using the following expressions:

Fig. 4 The test wheel: a the test wheel with cast naphthalene; b the

measure orientation on the test wheel with cast naphthalene
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hm ¼
DM

sAqnw

ð6Þ

where s is the time of the each frequency and A is the mass

transfer area of each test wheel, DM is the naphthalene

sublimation weight of each test wheel, qnw is the density of

saturated naphthalene vapor at the surface, and is defined

by the following law:

qnw ¼
Pnw

RgTw

ð7Þ

where, the ideal gas constant of naphthalene vapor, Rg, is

equal to 64.87 J/mol/k, Pnw, the saturated vapor pressure

given from the following expression, is calculated by the

expression:

log Pnw ¼ 13:564� 3729:4

Tw

ð8Þ

The naphthalene vapor prosperities near the solid wall of

naphthalene are investigated by many researchers, and the

results are summarized by Goldstein [23]. Many investiga-

tions indicate that naphthalene vapor near the solid wall of

naphthalene can be treated as ideal gas. In Eq. (8), at room

temperature, the measuring error of 1 �C will cause the

10 % error of saturated vapor pressure, which will cause the

nearly identical error of mass transfer coefficient [26].

After obtaining mass transfer coefficient, Sh can be

obtained by

Sh ¼ hmR

D
ð9Þ

Then, the average Nusselt number can be obtained from

Eq. (4) defined by:

Nu ¼ ðPr=ScÞ0:4Sh ð10Þ

The local mass transfer coefficient hmr is defined as:

hmr ¼
qsdðrÞ
qnws

ð11Þ

where d(r) is the naphthalene sublimation height at position r.

Again, according to Eq. (8), the local Sh can be obtained by:

Shr ¼
hmrR

D
ð12Þ

The local Nusselt number is:

Nur ¼ ðPr=ScÞ0:4Shr ð13Þ

The Reynolds number is defined by:

Rex ¼
xR2

m
ð14Þ

where x is the angular speed of the test wheel, R is the

radius of the test wheel and m is the kinematics viscosity of

air.

The average Nusselt number over total surface A of the

test wheel shown in Fig. 5 can be obtained, and the local

Nusselt number over surface A1 can be obtained. In order to

obtain the average Nusselt number of surface A2, following

expression is used:

DMA1 ¼ DMA �
Zr2

r1

2prqsddr ð15aÞ

NuA1
A1 ¼ NuAA�

Zr2

r1

2prNurdr ð15bÞ

The surface A1 is divided into sixty unequal annuluses with

0.5 mm in distance.

In the experimental process, the room temperature is

kept in a region of 0.1 �C. The uncertainty of temperature,

Tw, is estimated 0.2 %. The uncertainty of the measured

local naphthalene vapor pressure is estimated within 2.5 %

according to Eq. (10). The uncertainty of mass diffusivity

of air-naphthalene is within 3.5 % according to Eq. (5).

The uncertainty of the average mass transfer rate in the

present measurement is estimated within 0.6 % according

to Eq. (7) with 0.5 % uncertainty in the time period, 0.5 %

uncertainty in the area and 0.2 % uncertainty in the mass

loss. The maximum uncertainty of the mass transfer coef-

ficient is estimated to be 2.6 % by using Moffat [27]

uncertainty estimation method. The uncertainty of local

heat transfer coefficient is about 3.5 % according to Eq. (6)

with a 0.42 % uncertainty of thermal conductivity of air.

The uncertainty of the thermal conductivity is 2 %, so the

maximum uncertainty of Nusselt number is\5 % with the

same estimation method.

Fig. 5 The mass transfer area of the test wheel
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4 Results

In the data reduction process, the Sherwood number has

already been transformed into Nusselt number by analogy.

Thus, the following discussions are just given to the Nus-

selt number.

4.1 The local results

The comparison of local Nusselt number getting from the

two test wheels with the same Reynolds number is shown

in Fig. 6. The A and B represent the different test wheels. It

is found that the local Nusselt number is approximately

equal with the same Reynolds number. Under the same

Rex, the Nur on the line orientation with 0� has reasonable

discrepancy. Because two test wheels have the same con-

figurations and the same moving conditions, thus such

results are expected. These results indicate that the

repeatability of the experimental results is quite well.

Based on the heat transfer performances, two test wheels

are quite similar. Therefore, in the following sections, the

results getting from one of the test wheel are reported.

The comparison of local Nusselt number on the different

orientations under the same rotating Reynolds number is

presented in Fig. 7. As shown in Fig. 7, the deviation

becomes large with increasing Rex. The distribution of

observed value is more dispersed when the r/R increase.

However, the discrepancy of Nur on four measuring lines

having different orientations is very small except at small

numbers of the points. These results show that under Rex

region studied, local Nusselt number on the surface of the

rolling wheel is independent of the azimuth direction. In

this case, local Nusselt number on four measuring lines can

be averaged to get local average Nusselt number under the

same rotating Reynolds number.

After averaging the local Nusselt number against dif-

ferent orientations, the distribution of the local average

Nusselt number along r on the surface of test wheel is

shown in Fig. 8. As shown in Fig. 8, Nur decreases along

the r direction, which is quite surprising. The other infor-

mation shown in Fig. 8 is that local average Nusselt

number increases with increasing Rex. There is an obvious

position, r/R = 0.2, the decreasing slopes of Nur changes

greatly. When r/R \ 0.2, Nur decreases greatly along the

r direction, but when r/R [ 0.2, Nur decreases slowly along

the r direction. The reason is not clear now, it is possible

that the screw used to fasten the test wheel on the shaft of

the rolling wheel will cause some flow distribution.

Fig. 6 Comparison of local Nusselt number of the two test wheels on

the line having orientation of 0� under the same Reynolds number

Fig. 7 Comparison of local Nusselt number on four measuring lines

having different orientations under the same Reynolds number:

a Rex = 14,150, (b) Rex = 17,041 for Nur
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To explain the results that Nur decrease along the r

direction, the velocity of a point P on the wheel surface as

shown in Fig. 9 should be checked. The time average

velocity of P in the time period of one cycle rolling of the

wheel can be expressed as:

VðrÞ ¼ 1

T

ZT

0

xlðr; tÞdt ð16Þ

In Fig. 9, R is the radius of a circle, l is the distance

between point P and Q (contacting point of the wheel on

obit), and OP = r, T is the time of the wheel rolls a circle;

x is the angular velocity of circle.

The average velocity of the centre of the wheel is con-

stant, which is equal to xR. The ratio of the average

velocity of the point P over the average velocity of the

centre is shown in Fig. 10. It is found that the ratio

decreases along the r direction. It implies that the average

velocity of the point P decrease along the r direction.

Considering that the fluid flow is the main fact affects the

convection heat transfer, Nur should decrease along the

r direction as the experimental results shown.

4.2 The average results

The average Nusselt number of the test wheel as a function

of the rotating Reynolds number is described in Fig. 11.

The test wheels run at six different rotating speeds of 550,

845, 1,130, 1,410, 1,700, 1,960 r/min for different time

periods. The average results obtained from different

experiments and the different test wheel are similar, and

the maximum difference between the average results is

about 11 % under Rex = 19,068. It is found that the effect

of rotating speed on the Nusselt number is obvious: with

Fig. 8 The distribution of local average Nusselt number along the

r direction on the test wheel surface

Fig. 9 The velocity of the point P on the wheel

Fig. 10 The ratio of the time average velocity of the point P over the

average velocity of the centre versus r/R

Fig. 11 The average Nusselt number as a function of Rex
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increasing Rex, Num increases. The correlation of the

average Nusselt number and average rotating Reynolds

number is:

Num ¼ 0:166Re0:676
x ð17Þ

The average Nusselt number as a function of rotating

Reynolds number in the peripheral face of the test wheel is

shown in Fig. 12. It is found that with increasing Rex, Num

increases. By comparing the data shown in Figs. 11 and 12,

it is found that the average Nusselt number in the periph-

eral face of the test wheel is larger than the average Nusselt

number of the test wheel. The reason that causes such

phenomena is not clear now, and it needs further

investigation.

5 Discussion

Wiesche et al. [1, 15, 20] and Latour et al. [21, 22] have

reported the relevant works. They investigated heat transfer

on the surface of rotating disk with respect to stationary

disk in crossflow, rotating disk in still air and rotating disk

in crossflow. By dimensional analysis, the mean Nusselt

number at steady state can be expressed as,

Num ¼ f ðPr;Reu;RexÞ ð18Þ

Reu is defined as

Reu ¼
uinR

m
ð19Þ

Based on the LES study [15], the correlations of mean

Nusselt numbers with Reynolds were obtained and sup-

ported by similar studies [21, 22] with reasonable devia-

tion. The heat transfer phenomenon from rolling disk

concerned in the present study is very near to the case of

rotating disk in crossflow under the condition that

Reu = Rex. The comparison of mean Nusselt number in

the present work with the results from literatures [1, 21] is

shown in Fig. 13.

It is observed that the correlation of mean Nusselt

number against crossflow Reynolds number in the present

study has the same trend with others. The correlation of our

results are basically in accordance with the results of La-

tour et al. [21] with a differences of 4.12 % compared with

Eq. (25) [21] and 9.08 % compared with Eq. (26) [21] for

Reu = 12,000. Comparing to the mean Nusselt number of

Trinkl’s study [21], our result is 43.02 % higher for

Reu = 12,000. As the presence of shaft in the configuration

of the rolling wheel, the mean Nusselt number is greater

than the case of crossflow passing over plane rotating disk

[1, 15, 20]. This is also confirmed by Latour [21, 22].

In present configuration, the diameter ratio d/D = 1/10,

but for straight track d/D = 1/?. Thus, the dimensions of

the orbit and the wheels used are not enough to say the

dimension effect is negligible. It needs further investiga-

tion. After comparing the results from the similar case

(rotating disk in crossflow at the condition of Reu = Rex)

[21] with our results, it is found that the difference is less

than 10 % when Reu = 12,000. This indicates the dimen-

sion effect may not be large.

6 Conclusions

Local and average heat transfer characteristics on the sur-

face of the test wheel rolling on an orbit are investigated by

using naphthalene sublimation technique. The results are

expressed by means of local Nusselt number as a function
Fig. 12 The average Nusselt number as a function of Rex on the

peripheral face of the test wheel

Fig. 13 Comparison between mean Nusselt number of present work

and corresponding results
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of r/R and average Nusselt number as a function of the

Reynolds number. The following conclusions can be

drawn:

1. Nusselt number of rolling wheel is very close to the

Nusselt number of rotating disk in crossflow with

condition that Reu = Rex.

2. The local and average Nusselt numbers on the surface

of the rolling wheel increases with increasing rotating

Reynolds number.

3. Under the same rotating Reynolds number, local

Nusselt number decreases along the r direction. The

reason is that in one rolling cycle the average velocity

on the wheel surface decreases along the r direction.
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