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Abstract

An experimental study is performed using an infrared thermovision to monitor temperature distribution over a

plate-fin surface inside the plate finned-tube heat exchangers. The differentiation of the temperature function is derived

to determine the local convective heat transfer coefficients on the tested fin, using a local element lumped conduction

equation included the convective effect on the boundaries with experimental data. It is disclosed that the infrared

thermography is capable of rapidly detecting location and extent of transition and separation regions of the boundary

layer over the whole surface of the tested models. Through the comparison of the test results on the strategy region of

the in-line and staggered arrangements, it is more easy to understand or interpret the detailed dynamic phenomena of

flow existed in the heat exchangers. In addition, the experimental results demonstrate that the averaged heat transfer

coefficient of staggered configuration is 14–32% higher than that of in-lined configuration � 2002 Elsevier Science Ltd.

All rights reserved.

1. Introduction

The heat exchanger is an essential unit in heat ex-

traction and recovery systems. With increasing emphasis

on energy savings, efforts are being made to develop

better heat transfer surfaces for more efficient heat

transfer equipment. Various types of heat transfer sur-

faces have been introduced in Kays and London [1].

However, the estimation of convective heat transfer

coefficients and/or heat flux rates from a surface is of

particular importance to design a new heat transfer

surface for high-performance heat exchangers. Unfor-

tunately, measurement of the convective heat transfer

coefficient is more difficult to perform than other com-

mon thermo-fluid-dynamic quantities, especially in case

of non-uniform distributions and/or of conduction–

convection problem. Usually, measuring heat fluxes in-

volves measuring temperatures [2]. In particular, when

considering two-dimensional problems, the starting

point is generally the knowledge of surface temperature

distribution in the system. An infrared thermographic

system is developed as an effective tool for measurement

of surface temperature distribution and for heat flux

restoration due to its high spatial and temporal resolu-

tion, high sensitivity, and non-invasive nature.

In recent years, a number of studies have been pub-

lished on infrared thermography in heat transfer and

flow visualization. Simeonides et al. [3] and Henckels

et al. [4] developed the infrared thermographic technique

in the measurement of heat transfer in a hypersonic tun-

nel. de Luca et al. [5] employed a computerized infrared

scanning radiometer to characterize the boundary layer

development over a model wing, having a G€oottingen 797

cross-section, by measuring the temperature distribution

over its heated surface. Cardone et al. [6] investigated

the flow produced by a flat disk rotating in still air by an

infrared camera. Ay [7] and Ay and Yang [8] employed

an infrared thermovision to visualize and simultaneous,

real-time thermal-image processing in the global tem-

perature distribution over the surfaces of the cutting

tool, workpiece and chip.
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Available experimental information on the plate-fin

and tube heat exchangers have been presented, reviewed

and correlated in the open literatures. Saboya and

Sparrow [9–11] used the naphthalene mass transfer

method to measure the local coefficients for one-, two-

and three-row plate-fin and tube heat exchangers. Rich

[12,13] investigated the effects of fin-pitch and number of

tube row for staggered plate-fin and tube heat exchang-

ers. Correlations to predict the Colburn (j) and friction

factor (f) vs. Reynolds number for plain fins on staggered

tubes were developed by McQuistion [14] and Gray and

Webb [15]. McQuistion and Parker [16] collected a lot of

the experimental data up to 1994 in a book.

The aim of the present study is to show that it is pos-

sible to record the temperature distribution on a plate-fin

inside the plate finned-tube heat exchangers with the

advanced infrared thermovision system. Two typical

plate finned-tube heat exchangers, in-line and staggered

tube arrangements, were tested under various frontal

velocities. In addition, the local convection heat transfer

coefficients over the fin are determined by means of a

control volume based finite difference formulation after

the temperature value identified over the tested surface.

2. Experimental equipment and procedure

2.1. Experimental apparatus

The experimental setup, as schematically illustrated

in Fig. 1, used to investigate the local heat transfer

performance of a plate consisted of a three-row plate-fin

and tube heat exchanger situated in a subsonic blow-

down open-circuit wind tunnel. The wind tunnel con-

sisted of an axial flow, diffusers, a settling chamber,

construction sections, test section, and provides an ap-

proach velocity that is flat to within one percent, with a

turbulent intensity less than one percent. The airflow is

driving by the 5.6 kW (7.5 h.p.) axial flow fan with an

inverter to adjust the output power. Eight type-K ther-

mocouples are mounted at the corners of the center test

core; four each on the inlet and outlet section of the

tested model. The data signals are individually recorded

and then averaged. During the isothermal test, the ran-

dom fluctuation of these thermocouples is within �0.2

�C. In addition, all thermocouples are pre-calibrated by

a quartz thermometer with 0.01 �C precision.

2.2. Test model

The test section, shown schematically in Fig. 2(a), is

constructed of stainless steel for large scale testing of a

bank of tubes shared continuous plate-fins. Both of in-

line and staggered tube arrangements are used in this

study. Fig. 2(b) and (c) are the description of coordinate

systems and nomenclature for the tested fins. There are

six different staggered and in-lined test sections for the

present experimental investigation. Their detailed geo-

metrical parameters are tabulated in Table 1. Each tube

is locally heated by means of joulean dissipation in a

wire inserted in the central region of a cylinder installed

in the tube. Electric power is supplied to the heater

Nomenclature

A the control surface area of the fin (mm2)

Do outside diameter of the tube (mm)

f friction factor

h the local convective heat transfer coefficient

(W/m2 �C)
�hh the averaged convective heat transfer coef-

ficient (W/m2 �C)
H fin spacing (mm)

j Colburn factor

k thermal conductivity(W/m �C)
L length of the test section (mm)

‘ length of the imaging element (mm)

q heat flux (W/m2)

Re Reynolds number, UH=m
tf thickness of the fin (mm)

tu thickness of the tube (mm)

T temperature (�C)
Tm measurement fin temperature through a

transparent sheet (�C)

Tr real fin temperature (�C)
Tw local wall temperature of the fin surface (�C)
T1 bulk mean temperature of the stream (�C)
U frontal velocity (m/s)

W width of the test section (mm)

x x-direction coordinate

X imaging pixel in x coordinate

Xt transverse pitch (mm)

Xl longitudinal pitch (mm)

y y-direction coordinate

Y imaging pixel in y coordinate

Greek symbols

d thickness of fin (mm)

e emissivity

m kinematic viscosity (m2/s)
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through cables from a GW GPS-3030 DC power supply

(0–30 V, 0–3 A). The surface of the fin is coated on both

sides with thin film of opaque paint with emissivity (e) of
0.95. In order to measure the temperature distribution

on the surface of plate-fin inside test core by an infrared

camera, a transparent sheet, Fig. 2(a), replaces the top

plate-fin of the test core. A portion of the thermal

electromagnetic radiation emitted by the test fin will

absorb and reflect on the transparent sheet. Before the

experimental tests of the infrared temperature mea-

surement, it is necessary to measure the temperature on

strategy area of a heating fin through with and without

the transparent sheet. This calibration is perform is ra-

ther linear, as shown in Fig. 3, for the tested temperature

ranges.

2.3. Infrared system thermovision

The experimental apparatus for infrared tempera-

ture measurements used in AGEMA Themovision 550

(THV550). The sensing system of THV550 is a focal

plane array (FPA) detector made of a matrix with

320 ðHÞ � 240 (V) PtSi elements. The electromagnetic

energy radiated in the infrared spectral band by an ob-

ject will convert into an electronic signal from all the

sensors and acquire simultaneously in the whole field of

view. The field of view depends on the optics focal length

and on the viewing distance. Thermal images can be

captured at a frequency the many of up to 60 frames per

second and the thermography is digitally recorded with

a 12-bit dynamic range. According to the manufacturer,

the accuracy is �2%, the spatial resolution 1.1 mrad

(IFOV) and the thermal sensitivity <0.1 �C at 30 �C.
Before the experimental tests, it is necessary to provide

the object parameters, including the emissivity, object

distance, relative humidity, atmospheric temperature,

and reflected ambient temperature, for the system per-

formance.

2.4. Experimental procedure

For testing, the fan was started. The desired air

velocity through the test section was set by means of

adjusting an inverter. The frontal air velocity, U, was

measured by a hot wire with �2.0% accuracy. Nine

power supplies were turned on and adjusted to bring

the outside wall temperature of nine tubes to 60 �C,
respectively. When steady state values had been estab-

lished, the temperature map of the plate-fin surface was

Fig. 1. Schematic diagram of the experimental setup.
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recorded. The imaging size of the map was a plane

matrix array with 220 pixels� 220 pixels for in-lined and

194 pixels� 246 pixels for staggered arrangements.

Following the temperature value identified at each pixel

by the infrared thermovision system, the local convective

heat transfer coefficients over the fin were determined by

means of a control volume based finite difference for-

mulation. For steady conduction we consider the ener-

Fig. 2. The experimental test models: (a) schematic of the wind tunnel test section, and sketch illustrating nomenclature for (b) in-line

tube arrangements, and (c) staggered tube arrangements.

Table 1

Geometrical parameters of the test sections

Tube arrange-

ment

Test section

In-line Staggered

1 2 3 4 5 6

H (mm) 10 15 20 10 15 20

L (mm) 196 196

W (mm) 240 240

Do (mm) 25.4 25.4

Xl (mm) 60.7 52.6

Xt (mm) 60.7 60.7

tu (mm) 2.0 2.0

tf (mm) 0.5 0.5

Tube number 9 9

Row number 3 3
Fig. 3. IR camera calibration curve.
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gy-balance equation for a small control volume illus-

trated in Fig. 4, stated as

2hðTw � T1Þdxdy ¼ � oqx
ox

dxdyd � oqy
oy

dxdyd ð1Þ

where d is the thickness of the fin and T1 is the bulk

mean temperature of the stream. A uniform temperature

on the plate along the z-direction is assumed in Eq. (1)

due to the Biot number based on d estimated about 10�3.

In terms of Fourier’s law,

qx ¼ �k
oT
ox

; qy ¼ �k
oT
oy

ð2Þ

The substitution of Eq. (2) into Eq. (1) yields

h ¼ kd
2ðTw � T1Þ

o2T
ox2

�
þ o2T

oy2

�
ð3Þ

The control volume approach was used to discretize the

derivatives in Eq. (3) given by

h ¼ kd
2ðTx;y � T1Þ

Txþ1;y � 2Tx;y þ Tx�1;y

Dx2

�

þ Tx;yþ1 � 2Tx;y þ Tx;y�1

Dy2

�
ð4Þ

If we assume a square mesh Dx ¼ Dy ¼ ‘, Eq. (4) sim-

plifies to

h ¼ kd
2ðTx;y � T1Þ

Txþ1;y þ Tx�1;y þ Tx;yþ1 þ Tx;y�1 � 4Tx;y
‘2

� �

ð5Þ

Here, ‘ is the length of the imaging element (pixel) es-

timated as 0.77 mm in the thermograms. Using Eq. (5), a

conservatively, and estimated uncertainty of �7.0% for

the buck mean temperature of fluid, T1, and the un-

certainty estimation method of Kline and McClintock

[17], the maximum uncertainty of the calculated the local

convective heat transfer coefficient is �7.5%.

The averaged heat transfer coefficient, �hh, then can be

obtained by

�hh ¼ 1

A

Z
A
hdA ð6Þ

where dA is the control surface element of the fin

and defined as dx� dy in Fig. 4. The uncertainty in

the averaged heat transfer coefficient is �7.6% estimated

by the similar method [17]. Note that the highest un-

certainties are associated with lower Reynolds num-

ber.

3. Experimental results and discussion

The results of the infrared thermovision for steady-

state temperature distribution on the plate-fin surface of

the middle test core with fin spacing H ¼ 10 mm for

three different frontal velocity U ¼ 0:5, 1.0, 1.5 m/s are

presented in Figs. 5–7 which include the in-line ar-

rangement in part (a) and the staggered arrangement in

part (b). The associated local convective heat transfer

coefficient maps are shown in Figs. 8–10. Each tube of

the test models is subjected to a heat flux and keeping

the wall temperature of tube 60 �C. A 20-step color

palette for thermograms (	1.1 �C per step) and for the

local convective coefficients (	0.95 W/m2 �C per step)

maps are used in these figures, so that temperatures or

Fig. 4. Differential control volume for three-dimensional conduction with heat dissipation by convection in rectangular coordinates.
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local convective coefficients throughout the plate-fin

surface can easily be correlated.

At the leading edge of the plate-fin, the results indi-

cate lower temperature, as shown in Figs. 5–7, and

consistently higher convective heat transfer coefficient of

Figs. 8–10, because the velocity boundary layer is ini-

tially developed in the z-direction. A most pronounced

effect is that the temperature gradient on the fin surface

is sharper near the front and sides of the first two row

tubes due to the repeated growth and destruction of

the boundary layer by tubes. However, at the rear of

the tube, the temperature gradient is gentler because the

airflow is swept downstream into the wake. A different

characteristic occurs after the third row due to an ad-

Fig. 5. Steady-state temperature distribution on the plate-fin

surface (a) in-line, (b) staggered arrangement for H ¼ 10 mm,

and U ¼ 0:5 m/s.

Fig. 6. Steady-state temperature distribution on the plate-fin

surface (a) in-line, (b) staggered arrangement for H ¼ 10 mm,

and U ¼ 1:0 m/s.
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ditional exit effect. The wake region is greater for smaller

frontal velocities, and appears asymmetric pattern even

at lower Reynolds numbers. For a closed spaced stag-

gered-tube arrangement, the wake behind each tube is

somewhat smaller than for similar in-line arrangements.

These phenomena can also be obvious from relative

thermograms and local convective coefficients maps. By

comparing Figs. 5–7, one can see that the temperature

gradient around the tubes increases as the frontal ve-

locity increases and the local convection coefficient is

obviously increased as referring to Figs. 8–10.

Fig. 11 illustrates the variation of the span-averaged

convective coefficients along the downstream direc-

tion between the transverse tubes with fin spacing

Fig. 7. Steady-state temperature distribution on the plate-fin

surface (a) in-line, (b) staggered arrangement for H ¼ 10 mm,

and U¼ 1.5 m/s.

Fig. 8. Local convective heat transfer coefficients on the plate-

fin surface (a) in-line, (b) staggered arrangement for H ¼ 10

mm, and U ¼ 0:5 m/s.
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H ¼ 20 mm for the in-line array. The coordinate X, is

measured from the leading edge of the test fin surface

(see Fig. 2), and indicated the imaging pixel (1 pixel ¼
0:77 mm). For each point on the plot (at a fixed position

in X), 15 pixels widths are taken in the spanwise (Y)

direction and averaged. At a relatively low Reynolds

number, Re ¼ 543, the local convective coefficients (h)

decrease along with the distance from the inlet due to the

development of a boundary layer in the thermal en-

trance. After the first row, a tardily decreasing h towards

the outlet edge of the fin because a thermally fully de-

veloped region initially occurs at this location. Also in

this case, a slight fluctuation of h-value can be seen in

adjacent longitudinal rows, since the varied free-

flow area may induce different wake forming behind

tubes. For low velocity flow, it is noted that the shape of

Fig. 9. Local convective heat transfer coefficients on the plate-

fin surface (a) in-line, (b) staggered arrangement for H ¼ 10

mm, and U ¼ 1:0 m/s.

Fig. 10. Local convective heat transfer coefficients on the plate-

fin surface (a) in-line, (b) staggered arrangement for H ¼ 10

mm, and U ¼ 1:5 m/s.
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h-variation is preserved even though its amplitude may

vary in the longitudinal direction. The entrance effect is

also existed in all of the test cases shown in Fig. 11, just

similar to that of the pipe flow. For the Reynolds

numbers exceeded 2172, nevertheless, the h distribution

shows a substantially different pattern after the first row.

At Re ¼ 3258, the convective coefficient increases with

the distance, reaching a maximum between adjacent

tubes in the first two rows, and then decreases to reach a

minimum at the second row. This h behavior repeats

after the second row, then exhibiting a higher maximum

h near the frontal face of the third row. It should be

noted that the h increases more sharply near the third

row, with a combination of the turbulent effect and the

exit effect at the third row. In addition, the deviation in

the h curve rises with an increase in the Reynolds

number. For example, in the case of Re ¼ 7602, the

deviation becomes very large.

Fig. 12 shows a comparison of the averaged con-

vective heat transfer coefficients (�hh) on a fin at various

Reynolds numbers ranging from 543 to 2172 under the

test condition of U ¼ 1 m/s, H ¼ 20 mm. The solid and

dashed lines represent the results for the staggered and

in-line arrays, respectively. It is seen that the averaged

heat transfer coefficients of staggered arrangement is 14–

32% higher than that of in-line arrangement.

4. Conclusion

An infrared thermovision has been employed to

visualize and quantitatively evaluate in the global tem-

perature distribution over the fin surface inside a plate-

finned-tube heat exchanger. Following the temperature

value identified at each pixel, the local convective heat

transfer coefficients over the fin are determined by means

of a control volume based finite difference formulation.

The results show that the infrared thermography is ca-

pable of rapidly detecting location and extent of tran-

sition and separation regions of the boundary layer over

the whole surface of the test model. Through the com-

parison of the test results on the strategy region of the

in-line and staggered arrangements, it is more easy to

understand or interpret the detailed dynamic phenom-

ena of flow existed in the heat exchangers.

For the in-line array, the shape of the span-averaged

convective coefficient profile on the fin surface along the

downstream direction between the transverse tubes is

similar to that of the pipe flow, and exhibited the me-

niscus at the end of a liquid column in capillary while the

Reynolds numbers less than 2172. Whereas, if the Rey-

nolds numbers is higher than 3258, the results show a

gigantic waviness in the local convective coefficient

curves. Finally, the experimental results demonstrate

that the averaged heat transfer coefficient of staggered

configuration is 14–32% higher than that of in-lined

configuration.
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