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Abstract 

 
This article presents an experimental technique to identify the convective heat 

transfer coefficient inside an empty rotating cylinder with an inner axial airflow. This 
method is based on infrared thermography and consists in heating the outer face of 
the rotating cylinder using infrared lamps and acquiring the evolution of the external 
surface temperature versus time using an infrared camera. Heat transfer coefficients 
are then identified via three specific methods (an inverse model, a thermally thin wall 
model and an analytical method). The experiments were carried out for numerous 
rotational speeds and inner airflow rates.  
 
1. Introduction 

 
Since the electric motors beginning and the will to increase their 

performances, such machines are confronted to heating problems. Some parts of 
these machines can reach significant and disallowed temperatures entailing their 
deterioration. In order to preserve the optimal conditions ensuring the good operation 
of the motor, it is imperative to well understand and control the thermal behavior of 
these motors. Heating problems into such machines remain alarming in spite of 
numerous progresses made for their design. In order to avoid these warmings, the 
cooling systems allowing dissipation of the heat flux to the ambient environment have 
to be taken into account in the optimized design of such machines. The synchronous 
motors operation is based on the existence of a rotating magnetic field which can be 
obtained by the circulation of a controlled current into stator winding. The main part of 
the electric power is converted into mechanical power, but the other part entails a 
warm up of the machine and constitutes the losses to be evacuated. To predict the 
lifetime of an electric motor and to improve its efficiency, it is necessary to carefully 
investigate its thermal design in order to determine the best cooling solutions. 
Keeping this aim in mind, we present an experimental technique allowing 
identification of the convective heat transfer coefficient inside a rotating cylinder with 
an axial airflow. This empty cylinder models the hollow rotor of the studied motor. 
 
2. Experimental setup 

 
Aiming at identify the convective heat transfer coefficient in an empty rotating 

cylinder with an inner axial airflow, a specific experimental setup was design. The 
infrared thermography lets obtain the temperature on the outer face of the heated 
cylinder. The heat equation in the cylinder is solved with three different ways letting 
obtain the inner convective heat transfer coefficient. This resolution also uses 
boundary and initial conditions imposed by experiments.  
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2.1. Experimental setup description 

 
Figure 1 presents the experimental setup. The rotating part is composed of 

three cylinders made of steel and separated by an insulation made of vetronite epoxy 
(VT) whose conductivity λVT is 0.3 W/mK. These cylinders are concentric and reamed 
together to obtain a perfect interior surface quality. The 198 mm length central 
cylinder corresponds to the studied area. The internal and external diameters of the 
studied cylinders are respectively 393 and 403 mm. The two 330 mm length cylinders 
surrounding the central cylinder are used to avoid the too disturbed phenomena at 
the inlet and the outlet, the insulation in VT being used to minimize the thermal 
losses of the studied zone towards the two cylinders of connection. The external face 
of the studied zone is heated with two fixed infrared transmitters located above and 
below the rotating part and connected to a power regulator. The power supply to the 
heat transmitters can be regulated manually between 0 and 4 kW. An electric motor 
associated to a variable speed transmission drives the cylinder up to 1000 rpm. The 
rotating part is connected to the static part with two ball bearings assembled in ball 
self-aligning bearing. The static part is composed by a centrifugal ventilator 
connected to the revolving part with a 1.3 m length pipe on which a diaphragm is 
placed. The ventilator imposes an air flow in the test bench from 0 to about 530 m3/h. 
Upstream and downstream the diaphragm, two pressure tappings are placed and let 
know the air flow rate in the test bench. This diaphragm is calibrated and the law 
obtained is in good agreement with Idel'cik [1]. The flow rate is determined with a 
relative uncertainty remaining lower than 6 %. The airflow provides by the ventilator 
to the revolving part impacts on a flask tapped with 4 holes of 50 mm of diameter 
equally distributed. The impact zone is in a small plenum chamber. The air from the 
ventilator enters into the rotating part via the plenum chamber, flows through the first 
cylinder used to homogenize the velocity profiles, then it flows through the studied 
area, and finally through the last cylinder before flowing by the outlet flange which is 
identical to the inlet one. 
 
2.2. Heat flux measurement and heating power estimation 

 

A regulator connected to the infrared lamps lets control the heat power 
transmitted to the cylinder. For each imposed power step, the heat flux received by 
the cylinder is identified versus the α angle (versus a horizontal line) using the 
radiative heat flux sensors noted CFi on fig. 2. These sensors are placed on the 
external surface of the zone studied and equally distributed in the axial direction (cf. 
Fig. 2-a). These square radiative heat flux sensors are sensitive neither to the 
conduction nor to the convection phenomena. They are 10 mm wide and 300 µm 
thick. Their response time is about 100 ms and they have a linear sensitivity to the 
heat flux of about 0.5 mV/(W/m2). Relative uncertainty on the heat flux density ϕ 
depends directly on the voltage measured since, if s is the sensitivity of the sensor, ϕ 
= U/s and thus (∆ϕ)/ϕ = (∆U)/U≈0.5%. These sensors carry out a radiative heat 
balance on the irradiated surface. To know the heat flux density supplied by the 
infrared lamps ϕ0, it will be thus necessary to add to the heat flux density measured 
with the sensors the part of heat flux emitted by the surface towards the surrounding 
(=ε σ (Tp

4-T∞
4)). The integration of the heat flux density with z and α determines the 

average heat flux density received by the cylinder since: 

0 e

S e

1 1
dS (z,α) r dz dα

S 2 r L

ϕ = ϕ = ϕ
π

∫ ∫∫     (1) 
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For example, in nominal operation the mean heat flux density received by the 
cylinder and generated by the infrared lamps is 2745±15 W/m2. 

2.3. Temperature Measurement 

 
The surface temperature is obtained using an infrared camera placed in front 

of the area under investigation. It is a short wavelength infrared camera (2-5.4 µm) 
equipped with 20×12.5° lens. It was used with a 20 hertz image acquisition frequency 
and a 204×128 pixel image definition. Its thermal resolution is 0.1 % at 30 °C. This 
camera returns a signal I(T) for a black body surface at the temperature T observed 
through a transparent environment. During measurement, the camera returns a 
digital signal originating from an elementary cylinder surface (see Fig. 3). In reality, 
due to the partial transmission through the surrounding air, the signal received by the 
camera is attenuated. In addition, this signal also takes into account environment 
radiation which reflects itself onto the cylinder. In order to improve the part of 
radiative heat flux emitted by the cylinder, the latter is painted black in order to 
increase its emissivity. The black painted surface emissivity, determined by 
calibration, is then 0.93±0.02. A second calibration lets to connect, in a real situation, 
the thermal level I to the real temperature of the cylinder external surface. Absolute 
uncertainty on the temperature measurement with the camera remains lower than 0.1 
K for the measurement range. The ambient air temperature, taken as a temperature 
reference to evaluate the heat transfer coefficient is measured using a type K 
thermocouple. The diameter of this thermocouple is 0.3 mm and its precision is ± 1K. 

3. Identification models of the internal convective coefficient 

 
Figure 4 presents a scheme of the studied problem. The rotating cylinder is 

heated on its external face by a radiative heat flux whereas its internal face is cooled 
down by an airflow whose speed U∞ and temperature T∞ are uniform. Initially the 
cylinder temperature is also assumed to be uniform. The test area is insulated from 
the other parts of the cylinder to promote a radial heat transfer and to significantly 
limit the axial and ortho-radial heat transfers. In this case the temperature field into 
the cylinder is supposed to be unidimensional and is denoted by T(x,t). The heat 
transfer between the air and the inner and outer surfaces is characterized by the heat 
transfer coefficients hi and he. On the external surface of the cylinder, the heat 
transfer coefficient he = he

cv+he
r is defined using the convective and radiative heat 

transfer coefficients. All thermo-physical properties ρ, c and λ of the cylinder are 
considered as constant. Taking into account the relative thickness of the cylinder 
when compared to its diameter (e/D=0.0127) and defining θ(x,t)=T(x,t)−T∞, the 
temperature evolution into the cylinder is then governed by:  

2

2

1 (x,t) (x,t)

a t x

∂θ ∂ θ
=

∂ ∂
      (2) 

0

e

x=0

φθ(x,t)
H θ(0,t)

x λ

∂
= −

∂
, 

i

x=e

θ(x,t)
H θ(e,t)

x

∂
= −

∂
 ,  θ(x,0) θ

∞
=  

Where H=h/λ is the ratio between the convective coefficient and the thermal 
conductivity. The heat transfer equation and the boundary conditions of the problem 
define a system of differential equations where unknown quantities are the 
temperature and the internal convective coefficient hi. The experimental setup lets 
determine the temperature evolution of external surface of the cylinder versus time 
and the heat flux density ϕ0. The external convective coefficient he is evaluated using 
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data from literature [2-11]. Then an identification method letting identify the internal 
convective coefficient have to be developed. Three methods are proposed in this 
work: thin wall assumption model, inverse method, and analytical resolution of the 
heat transfer equation. 
 
3.1 Thin wall assumption model 

 
Considering the limited thickness of the wall (5 mm) and the thermal 

conductivity of the cylinder (λcyl = 43 W/mK), the cylinder can be considered at every 
moment and for certain tests isotherm. With this assumption, the conservation of the 
energy equation within the cylinder follows the law of the thin bodies and the 
evolution of hi versus time can be obtained: 

e 0

e

i e

i i

dθ
S φ mc

Sdt
h = h

S θ S

−
−       (3) 

In this equation, dθ/dt is estimated using the smoothed experimental temperature 
profile, ϕ0 is measured as described in part 2.2, he = he

cv+he
r where he

cv is obtained 
using the correlation from literature [2-11] and he

r using a linearization of the radiative 

heat flux, i.e. r 2 2

e p p
h (T T )(T T )

∞ ∞
= εσ + + . In a steady state, the relative uncertainty on hi 

obtained with this method and our experimental conditions can be determined and 
remain lower than 6.4 %. 

3.2 Inverse model 
 

The finite differences are used to solve Eq. (2). The calculation domain is 
discretized into a node network where the temperature is calculated. The calculation 
of the inner convective heat transfer coefficient is achieved in three steps. The 
temperature is firstly calculated at the point i=2 using a heat balance in the cell 
between the point of external surface i=1 and the first inner point i=2 (cf. Fig. 5). The 
measurement point i=1 has two known conditions: its temperature resulting from 
infrared thermography and the heat flux. In a second step the temperatures at the 
nodes i=3 to i=I are determined using the discretized heat equation. The last step 
consists in calculating the convective heat transfer coefficient on the inner surface of 
the cylinder using the temperature field calculated and the inner surface heat flux 
balance. For this model, several discretization schemes were used but only the Euler 
scheme is developed thereafter. The Euler’s scheme uses an implicit formulation of 
the heat balance, thus: 

n 1 n 1n 1 n

1 1/ 2 11 1c
t x / 2

+ ++

+
ϕ − ϕθ − θ

ρ =
∆ ∆

    for i=1    

n 1 n 1n 1 n

i 1/ 2 i 1/ 2i ic
t x

+ ++

+ −
ϕ − ϕθ − θ

ρ =
∆ ∆

   for 1 <i < I   (4) 

n 1 n 1n 1 n

I I 1/ 2I Ic
t x / 2

+ ++

−
ϕ − ϕθ − θ

ρ =
∆ ∆

   for i=I    

 

The heat flux densities can be formulated like below: 
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n 1 n 1

n 1 1 2

1 1/2
λ

∆x

+ +

+

+

θ − θ
ϕ =  

n 1 n 1

1 0 e 1
φ h

+ +
ϕ = − θ  

n 1 n 1

n 1 i i 1

i 1 / 2

x

+ +

+ +

+

θ − θ
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∆
 (5) 

n 1 n 1

n 1 i 1 i

i 1 / 2

x

+ +

+ −

−

θ − θ
ϕ = λ

∆
 

n 1 n 1

I i I
h

+ +
ϕ = θ  

n 1 n 1

n 1 I 1 I

I 1 / 2

x

+ +

+ −

−

θ − θ
ϕ = λ
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And then, we obtain: 

n+1 n+1 ne 0

2 1 1

∆xh ∆xφχ χ
θ = +1 θ + θ

λ 2 2 λ
− −

 
  

 

n+1 n+1 n+1 n

i+1 i i 1 i
θ =(2 χ)θ θ + θχ

−
− −        (6) 

n+1 n n+1 n+1

I I I-1 I

i n+1 n+1

I I

θ θ θ θρc x λ
h = +

2∆t θ ∆x θ

− −∆
 

 With 

2

(∆x)
χ=

a∆t
, x1=0 and xI=e. The resolution of this system requires the knowledge 

of θ1 provided at every moment by the infrared camera. It also requires the 
knowledge of ϕ0 obtained using the heat flux sensors as described in part 2.2.  The 
convective coefficient on the external face (he

cv) is determined using the correlation of 

the literature [2-11] and r 2 2

e p p
h (T T )(T T )

∞ ∞
= εσ + + . In a steady state, the relative 

uncertainty on hi obtained with this method and with our experimental conditions 
remains lower than 7.4 %. 

3.3 Analytical model: heat equation resolution 

 
The development of the theoretical model is performed using an unidirectional 

modelling of the cylinder thermal behaviour. In addition, the cylinder is assumed to be 
a flat plate. The heat equation (2) is not homogeneous due to the boundary 
conditions at x=0. However, its resolution is possible by splitting it into two 
subsystems and defining the temperature θ such as θ(x,t)=θΑ(x,t)+θΒ(x,t). In this last 
expression, θΑ(x,t) stands for the solution of the non stationary homogeneous 
system, whereas θΒ(x) is the solution of the non-homogeneous stationary system.  

non stationary homogeneous subsystem 

2

A A

2

(x, t) (x, t)1

a t x

∂θ ∂ θ
=

∂ ∂
 

A

e A

x 0

(x, t)
H (0, t)

x =

∂θ
= θ

∂
 (7) 

A

i A

x e

(x, t)
H (e, t)

x =

∂θ
= − θ

∂
 

A B
(x, 0) (x)θ = −θ  

stationary subsystem 

2

B

2

(x)
0

x

∂ θ
=

∂
 

0B

e B

x 0

(x)
H (0)

x =

ϕ∂θ
= θ −

∂ λ
 (8) 

B

i B

x e

(x)
H (e)

x =

∂θ
= − θ

∂

 

The resolution of the stationary subsystem (8) provides: 
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0 i

B

e i

i

i

(1 H e)
(x) x

H H
1 (1 H e)

H

ϕ +
θ = − −

λ + +

 
    

  

    (9) 

The solution of the homogeneous non stationary subsystem (7) is obtained using the 
variable separation method. This solution appears as:   

[ ]
2

ak t

A
(x, t) e cos(kx) sin(kx)

−
θ = γ + δ      (10) 

k, γ and δ have to satisfy the boundary conditions. The boundary conditions at x=0 is 

e
k Hδ = γ  and at x=e : 

i
k( sin(ke) cos(ke)) H ( cos(ke) sin(ke))−γ + δ = − γ + δ . By 

combining both equations, the following transcendent equation is obtained: 

[ ]2

e i e i
tan(ke) Bi Bi (ke) ke(Bi Bi )− = − +      (11)  

This characteristic equation admits an infinity of discrete solutions kn. The roots of 
this equation depend on the values of the external and internal Biot numbers 
(Bie=eHe and Bii=eHi). The general solution of the system (7) is expressed as series:  

[ ]
2

n
ak t

A n n n n

n 1

(x, t) e cos(k x) sin(k x)

∞
−

=

θ = γ + δ∑     (12) 

Constants γn and δn must satisfy the initial condition:  

[ ]
A B n n n n

n 1

(x, 0) (x) cos(k x) sin(k x)

∞

=

θ = −θ = γ + δ∑    (13) 

Applying the Fourier series theory, we obtained:  

n

n n n2 2

n n n n n n

2k ψ e 1 1
sin(k e) cos(k e)

cos(k e) sin(k e) ek k k k

− φ
γ = + −

+

 
  

   (14) 

n

n n n2

n n n n n n

2k ψ e 1
cos(k e) sin(k e)

ek cos(k e) sin(k e) k k k

φ − φ
δ = + −

−

 
  

   (15) 

With i

i

(1 H e)

H

+
φ = and 

[ ]
0

e

ψ
1 H

ϕ
=
λ + φ

. 

Finally, the solution of the problem (2) is written:  

[ ]
2

n
ak t 0 i

n n n n

n 1 e i

i

i

(1 H e)
(x, t) e cos(k x) sin(k x) x

H H
1 (1 H e)

H

∞
−

=

ϕ +
θ = γ + δ − −

λ + +

 
    

  

∑   (16) 

And the temperature of external surface  
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[ ]
2

n
ak t 0 i

n

n 1
i e i

(1 H e)
(0, t) e

H H (1 H e)

∞
−

=

ϕ +
θ = γ +

λ + +
∑      (17) 

From equation (17) hi cannot be explicitly extracted. However, the temporal 
evolution of hi is obtained by identifying the experimental thermogram of the external 
surface temperature of the rotating cylinder and equation (17) at every moment. The 
evolution of the internal convective coefficient with time is then obtained. In a steady 
state, the value of hi is obtained when t tends towards infinity in equation (17) in x=0 
(external face), so the convective heat transfer coefficient can be explicitly deduced. 

2

0 e max

i

max e 0

H
h

(1 H e) e

λϕ − λ θ
=
λθ + − ϕ

      (18) 

This relation giving hi in steady state, can be directly obtained using heat 
resistances. In addition, in steady state, the relative uncertainty on hi obtained with 
this method and for our experimental conditions remains lower than 7.4 %. 

4. Results and comparisons  

 
The tests were carried out with a cylinder rotational speed ranging from 4 to 

880 rpm (1.6 ×103 ≤ Rer ≤ 4.7×10
5) and a variable flow rate varying from 0 to 530 

m3/h (0 ≤ Rea ≤ 3×10
4). 

 
A typical evolution of the external surface temperature of the cylinder versus 

time is plotted on Fig. 6. This monotonous evolution increases and tends 
asymptotically towards the temperature of thermal balance. These curves are well 

fitted by an exponential law such as ( )i

N

-t/τ

max i

i=1

θ = θ 1- η e∑  obtained numerically for 

each test. The comparison of the different methods (inverse technique, isothermal 
model and analytical model) is carried out for the test with the cylinder in rotation at 
880 rpm, without any axial airflow and heated with a 2745 W/m² heat flux density. 
The convective coefficient on the external cylinder surface he

cv is evaluated using the 
Dropkin and Carmi correlation [5]. It directly gives he

cv = 44 W/m2K. For the Euler 
model, the wall of the cylinder is discretized with 11 nodes equally spaced of 0.5 
millimeter in the thickness direction. A finer mesh does not significantly change the 
values of hi. The time steps adopted for the time discretization is 60 seconds. This 
time step is chosen equal to the acquisition frequency of the external surface 
temperatures. The comparison of the results obtained (in terms of inner heat transfert 
coefficients) is presented on graph 7. It is noted that the three curves relating to the 
models have almost the same trends. Whatever the identification method used, the 
initial value of the convective coefficient inside the cylinder is high. This value then 
gradually decreases and tends towards a limit value identical for all models for large 
times. These results also show a good agreement between the different models for t 
larger than 480 s since for these times, the average relative error remains lower than 
8 %. However for initial calculation steps (t < 480 s) significant differences are to be 
noted. This can be explained, in the Euler model by the important time step (60 s) 
which alters the temporal derivative calculation whenever these derivatives strongly 
change and thus at the initial moments.  For the isothermal model, the source of error 
can come from the isothermal assumption which is not true at the beginning. 
However the isothermal model gives excellent results for important times and can be 
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quickly implemented. For the analytical model, hi is assumed to be constant for 
equations resolution, this assumption can entail inaccuracies at the initial instants. To 
calculate the convective coefficient in a steady state, the equilibrium temperature is 
averaged over the last moments (i.e. the last 600 s). Its variation during this time is 
about 0.07 K and without significant consequence over the determination of hi. These 
identification methods were also compared for low rotational speeds (4 rpm) and 
results obtained (Fig. 8) are of the same magnitude order than those obtain for a 
static pipe with an airflow showing the suitability of the models proposed in this work. 
On figure 9 for low rotational speeds, the usual results of a static pipe are found 
again: heat transfer increases with the axial air flow. In addition, the axial flow is less 
influenced for the high rotational speed and the convective heat transfer is governed 
by the rotation. 
 
5. Conclusion 

 
This article shows how Infrared thermography can be used to identify 

convective heat transfer coefficient inside a heated empty rotating cylinder with an  
inner axial airflow. Several identification models were developed and compared in 
order to determine their relevance to evaluate the convective coefficient. They are all 
based on the knowledge of the external cylinder surface temperature obtained in 
experiments using infrared thermography. The investigations point out the time 
evolution of the convective coefficient on the internal face of the cylinder. The 
convective exchanges on the internal wall of the cylinder depend on the rotation and 
the axial air flow.  
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FIGURES 

 

 
Fig. 1. Scheme of the experimental setup 

 
 
 

 
 

Fig. 2-a. Position of the heat flux sensor 
(axial view) 

 
 

α∆α

Position of the heat 

        flux sensor

 
Fig. 2-b. Position of the heat flux sensor 

(radial view) 
 

  
 

Fig. 3. Example of profile obtained with the infrared camera 

I(T) 
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Fig. 4. Scheme of the studied 

problem 

 

 
 

Fig. 5. Spatial and time discretization 
scheme 

 
Fig. 6. Temperature time evolution on 
the cylinder outer surface with an 

axial air flow 

 
Fig. 7. Evolution of the heat transfer 
coefficient with time for the different 
models (Rer = 458360 and Rea=0) 

 
 

 
Fig. 8. Evolution of the inner Nusselt 
number with axial Reynolds number 

 
Fig. 9 Evolution of the Nusselt number 
with Rea for different rotational speeds
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