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ABSTRACT 
The objective of our investigations is to numerically inves-

tigate the optimal geometry of the thermoplate with respect to 
heat transfer of the inside fluid that passes through the channel 
as a single phase. In order to achieve this, the geometrical and 
process parameters such as the pattern of welding spots, the 
distance between the sheets, and the Reynolds number have 
been varied. For the simulation, the commercial software 
StarCD was used. The numerical experiments show that the 
heat transfer potential of the thermoplate having a staggered ar-
rangement of welding spots is markedly higher than the one of 
a common flat channel, particularly at larger Reynolds num-
bers. The variations of the geometrical parameters indicate the 
welding spot pitch in a streamwise direction to be a pivotal 
quantity regarding the heat transfer optimisation.  

 
INTRODUCTION 

As heat transfer devices, thermoplates are encountered in 
several branches of engineering practice, e.g. as condensers or 
evaporators in thermal process technology and cooling tech-
niques. In comparison to shell-and-tube heat exchanges, their 
installation is relatively simple, and the periphery is drastically 
reduced. 

A thermoplate consists of two metallic sheets, which are 
spot-welded over the whole surface area according to an appro-
priate pattern, whereas the edges – except for connecting tubes 
– are continuously seam-welded. By applying a hydro-form 
technique, a channel that has a complex shape is established 
between the sheets, Figure 1. One fluid is conducted through 
this channel, the other one through the channel created by two 
neighbouring thermoplates that are assembled in parallel at 
certain spacing thus making a thermoplate heat exchanger. 

One disadvantage of thermoplates lies in the fact that their 
thermo-fluid characteristic is scarcely explored, which prevents 
a reliable design of the corresponding heat exchangers.  

We have not found relevant papers in the literature 
reporting on the experimental heat transfer and fluid flow 

characteristics of the interior, or the exterior fluid. The situation 
is much the same regarding the numerical experiments. An 
exception, to some extent, is a paper by Witry et al. [1], who 
numerically investigated the fluid flow and heat transfer in an 
automotive aluminium plate radiator provided with staggered, 
equidistantly arranged, dimples. On the contrary, there are 
numerous papers dealing with fluid flow and heat transfer in 
channels, or circular tubes, the walls of which were taken as 
sinusoidally shaped, see e. g. [2-11], to name only a few. 
 

NOMENCLATURE 
 
d [m] Equivalent plate distance 
dh [m] Hydraulic diameter     
hm  [W/m2K] Average heat transfer coefficient 
k [W/mK] Thermal conductivity 
n [-] Normal unit vector 
Num [-] Average Nusselt number 
P [W] Pumping power 
pIN [bar] Inlet pressure 
pm [bar] Average pressure 
pOUT [bar] Outlet pressure 

mq&  [W/m2] Average heat flux 
sL [m] Streamwise welding spot pitch 
sT [m] Spanwise welding spot pitch 
Tb [K, °C] Fluid bulk temperature 
TIN [K, °C] Fluid inlet temperature 
TW [K, °C] Wall temperature 
w [m/s] Velocity vector 
U [m] Circumference of channel cross-section 

TP)( PQ&  [-] Thermo-hydraulic characteristic of 
thermoplate 

FC)( PQ&  [-] Thermo-hydraulic characteristic of flat channel 
x0, z0  [m] Coordinates of welding spot centres 
 
Special characters 
δ  [m] Maximal plate distance 
ε  [m] Size of numerical cell 

 



   

Motivation for these studies was mainly rooted in the desire 
to quantify the transport mechanisms in fluid flowing past wavy 
walls in comparison to conduits having even walls. Different 
fluid flow models and numerical techniques as well were em-
ployed and several details on the flow field were reported. 
Commonly, complex velocity fields with flow separations and 
reattachments with recirculation zones were observed. Cherukat 
et al. [3], applying the direct numerical simulation with fully 
developed turbulent flow along a two-dimensional wavy wall, 
were able to identify several modes of the wall-fluid interac-
tions which allow deeper insights into the flow structure and 
heat transfer mechanisms. Although the works mentioned 
above are performed with two-dimensional flows on a macro-
scopic scale, they provide fundamental background information 
that is basically also valid for our numerical experiments per-
formed for channels with a pronounced three-dimensional flow.  

SCOPE OF THE PAPER 
The present paper is based on a conference contribution [12]. 

Its objective is to numerically obtain the sets of the geometrical 
parameters that, in interaction with process parameters, should 
pave the way for optimal heat transfer of the inside fluid which 
is assumed to pass the thermoplate as a single phase (coolant in 
Figure 1). The geometry of the simulated three-dimensional do-
main is shown in Figure 2. It consists of a strip of a thermoplate 
channel, the latter being unbounded in spanwise (z) direction. 
The semi-circles represent the welding spots, which are ar-
ranged in a staggered manner. The strip is confined in a span-
wise direction by the planes 0=z  and Tsz = , and in a stream-

wise (x) direction by 0=x  and Lx = .  
 
 

 
 

Figure 1 Fluid flow arrangement in thermoplates (DEG-
Engineering). 

The heat transfer surface area is considered to be a three-
dimensional mathematical surface represented by  
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where the geometrical parameters can be taken from Figure 2. 
The computational domain is determined by the surface 

( )zxfy ,=  according to the equation (1), the planes 0=x  and 

Lx = , the symmetry planes 0=z , Tsz = , 0=y , and the cy-

lindrical surface, 
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where 0x  and 0z  are the centres of the welding spots obtained 

as the roots of the equation 0),( == zxfy . In this context, it 

should be noted that the mathematical contour of the thermo-
plate according to the equation (1) does not ideally represent 
the reality, but the discrepancy as regards the thermo-hydraulic 
behaviour of the system is expected to be of marginal impor-
tance. Moreover, in reality, the welding spots act thermally as 
circular fins with a minimal drawing temperature difference in 
their centres.  

 

 
 

Figure 2 Geometry and dimensions of the three-dimensional 
simulated domain 
 

In the simulations, the geometrical parameters, such as the 
streamwise and the transversal welding spots pitch, Ls  and Ts , 

and the maximal distance between the metallic sheets, δ , have 
been varied, whereas the radius, R, of the welding spots was 
kept constant. To obtain some insights into the flow and tem-
perature fields in the developing region, a relatively short 
length, L, of the strip was first chosen. This length was then 
gradually increased up to mmL 500= , and, at a low fluid ve-

locity, the fully developed region was included into the simula-
tion domain. The distance, δ , and the Reynolds number, Re, 
that is formed with the fluid inlet velocity, INu , have also been 

varied. The fluid inlet temperature, INT , and the wall tempera-

ture, WT , were taken to be constant. 

GOVERNING EQUATIONS AND BOUNDARY CONDI-
TIONS 

The fluid flow was considered to be laminar, incompressi-
ble, stationary and three-dimensional. Water of constant physi-
cal properties is adopted for the numerical experiments. The 
velocity and the temperature fields are governed by the equa-
tions of continuity, momentum and energy: 

0=⋅∇ w ,       (3) 

www 2∇+−∇=⋅∇ µρ p ,    (4) 

Φµρ +∇=∇ TkTc 2
pw ,    (5) 

where ρ denotes the fluid density, µ the dynamic viscosity, pc  



   

the specific heat capacity, k the thermal conductivity, w the 
velocity vector, T the temperature, p the pressure, and Φ the 
dissipation function. 

The model equations (3-5) were treated numerically subject 
to the boundary conditions: 
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        (8) 
The momentum and heat transfer in the streamwise direc-

tion at Lx =  are neglected in the boundaryconditions (8). 
Clearly, this simplification is not strictly fulfilled in reality, but 
the errors thus introduced affect the corresponding fields only 
in the immediate vicinity of the channel outlet. 

In the numerical simulations, the commercial software 
StarCD was utilised [13].  

 
PROCESS QUANTITIES 

Once the governing equations are solved and the flow and 
temperature fields are obtained, the fluid bulk temperature (the 
mixing cup temperature), )(b xT , and the local wall heat flux, 

),(xq& averaged in a spanwise (z) direction, can be calculated by 
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where )(xSS =  represents the cross-sectional flow area of the 

channel, SA  a narrow strip of the surface ),( zxfy =  bounded 

by the planes )2(ε−x  and )2(ε+x , ε  being the width of 

the numerical cell in the x-direction. 
The average wall heat flux, )(m xq& , and the heat flow rate, 

)(xQ& , are obtained in a similar way: 
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1
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where A denotes the surface area extending the distance x in the 
streamwise direction from the inlet. 

The local heat transfer coefficient, )(xh , is defined by  
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with )(b xT  and )(xq&  according to equations (9) and (10); WT  

represents the wall temperature. 

The average heat transfer coefficient, )(m xh , and the aver-

age Nusselt number, mNu , are obtained from 
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with hd  as the hydraulic diameter, 
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S being the cross-sectional flow area, U its circumference, and 
d the distance between the parallel plates of a channel having 
the same volume V as the actual thermoplate, Figure 2. Note 
that the hydraulic diameter hd  defined in this way does not 

change along the channel length. 
A further quantity involved in the presentation of the results 

is the Reynolds number, 

ν
hRe

ud= ,      (15) 

where u is the average axial velocity component, and ν the ki-
nematic viscosity. 

In order to obtain a thermo-fluid characteristic of the ther-
moplate, the local pressure, )(m xp , averaged along the coordi-
nates y and z, and the pumping power, P, are calculated as fol-
lows 

( ) ∫=
S

pdS
S

xp
1

m ,     (16) 

( )VppP &
OUTIN −= ,      (17) 

where ( )0mIN pp =  and ( )Lpp mOUT =  are the averaged inlet 

and outlet pressure, respectively, and V&  denotes the volume 
flow rate. 

 
RESULTS 

Because of the complex geometry of the computational do-
main, all the non-scalar quantities obtained from the governing 
equations are three-dimensional. This poses some difficulties 
on the presentation of the results. For this reason, the interest-
ing quantities will be visualised in the following sections as 
general images and quantitatively illustrated in characteristic 
planes, or on surfaces. 

 
The velocity field 

Figure 3 shows the development of the velocity field in the 
symmetry plane 0=y  for a larger Reynolds number 

3800Re=  adopted in the numerical experiments. At this Rey-
nolds number, fluid separation establishes between the welding 
spots with reattachments at the contour of the neighbouring, 
downstream spots, and a comparatively large portion of the 
channel is occupied by recirculation zones. These zones are re-
sponsible for local fluid acceleration. In the middle of the chan-
nel, there is a meandering fluid core that only touches the 
welding spots since it is bounded by the recirculation zones. 
Similar flow structures have been reported in [11], on the basis 



   

of the numerical experiments, and in [14, 15] in laboratory ex-
periments, using two-dimensional channels in all cases.  

 

Figure 3 Velocity field in the plane 0=y  at 3800Re= ; for 

geometry see Figure 2. 
 
From Figure 3 one might infer that in the same cross-section 

turbulent flow may coexist with the laminar flow. The exten-
sion of one flow mode occurs at the expenses of the other one, 
and turbulence will occupy the larger portion of the channel 
cross-section, the larger being the Reynolds number. The cur-
vature of the boundary is expected to support the generation of 
Görtler’s vortices and hairpin vortex structures, see e.g. [5]. In 
this context it is to be noted that possible laminar-turbulent 
flow transitions are disregarded in our simulations. 

 
The temperature field and heat transfer 

Figure 4 gives some insights into the development of the 
temperature field in the x0z symmetry plane of the channel. The 
fluid is heated by the plates, which are kept isothermal at 

KT 333W = . At 3800Re=  the fluid in the central portion of 
the strip remains thermally unaffected by the heating plates, 
and the thermally developing  region occupies a channel length 
of about L3 s⋅ . In the recirculation zones (Figure 3), the fluid 
approaches the temperature of the wall much faster. 

 

Figure 4 Temperature field in the plane 0=y  at 3800Re= ; 

for geometry see Figure 2. 
 
The distribution of the heat flux as a vector intensity q&  is 

illustrated in Figure 5. The heat flux is seen to decrease in a 
streamwise (x) direction, becoming smaller in the recirculation 
zones than in the central part of the strip. The heat flux fluctu-
ates significantly not only spanwise, but also in a streamwise 
direction. The positions of the maxima nearly coincide with the 
axial positions of the welding spots.  

 

The distributions of the heat transfer coefficients, )(xh and 

)(m xh , according to equations (12) and (13), are demonstrated 

in Figure 6. The quantity )(xh  behaves oscillatory damped 

along the channel, decaying at the same time both in amplitude 
and magnitude.  

This behaviour of the heat transfer coefficient, )(xh , is 

qualitatively comparable with the corresponding ones reported  
in [5, 8, 9, 10] for two-dimensional channels.  

 
 

Figure 5 Wall heat flux field at 3800Re=  
 

 
Figure 6 Wall heat flux field at 3800Re=  

 

 

 

Figure 7 Average Nusselt number of a 500 mm long channel at 
different Re as function of LsL  and LsT  ( ∞→LsL : par-

allel plates ), and Ldh  



   

If the longitudinal and the transversal pitch of the welding 
spots, Ls  and Ts , are varied, the distribution of the Nusselt 

number and of the corresponding heat transfer coefficient, 
equation (13), are very similar. Therefore only the quantity 

mNu  is displayed in Figure 7.  

As may be taken from the diagram, a larger Reynolds num-

ber corresponds to a larger Nusselt number, i.e. heat transfer 

coefficient. At the smallest Reynolds number, the heat transfer 

is largely independent of Ls  and Ts , whereas at other values of 

Re, certain dependency of mNu  on Ls  and Ts  is observed. At 

∞→Ls , mNu  tends towards the values for the channel 

formed by plane parallel plates. These values are higher than 

the ones for the thermoplate at smaller Re. The situation re-

verses at larger Re, where the heat transfer of the themoplate 

becomes better. Whereas the quantity mNu  is steadily decreas-

ing with increasing Ts , certain maxima of mNu  are observed 

at mms 80L ≈  at larger Reynolds numbers. This conclusion is 

valid only for the parameters noted in the diagrams.  

The heat transfer coefficient mh  and the Nusselt number 

mNu  as functions of the hydraulic diameter hd  and Ldh , re-

spectively are displayed in Figure 8. The decrease of the heat 

transfer coefficient mh  with increasing hd  is rooted in a corre-

sponding reduction of the fluid velocity at the given Reynolds 

number. The increase of mNu  with increasing Ldh  is associ-

ated with the increase of hd . 
 

 

 

Figure 8 Average heat transfer coefficient  and Nusselt number 
of a 500 mm long channel at different Re as function of of  hy-
draulic diameter hd  and  the ratio Ldh , respectively 

In summary, the parameter variations clearly show the Nus-
selt number to depend on the geometrical quantities of the 

thermoplate and the fluid velocity. The results obtained from 
the present state of our numerical experiments do, however, not 
suffice to recommend a more comprehensive correlation for the 
heat transfer. This requires variation of other important pa-
rameters, such as the radius and shape of the welding spots, the 
length of the plate and the Prandtl number.  

 
The thermo-fluid characteristic 

The complex geometry of the thermoplate channel results in 
a larger heat transfer coefficient in comparison to the channel 
with plane walls. This heat transfer improvement is to be paid 
by a larger pressure drop, that is to say, by a larger pumping 
power at given volume flow rate. To illustrate this interplay, 

one usually combines the heat flow rate, Q& , and the pumping 

power, P , to a thermo-fluid characteristic of the heat transfer 
device, see e.g. Stephan and Mitrovic [17], and Webb [18]. For 

instance, the ratio PQ&  specifies the running costs of the heat 

transfer. 
 

 
Figure 9 Thermo-fluid characteristic of the thermoplate com-
pared with the characteristic of the flat channel at selected Rey-
nolds numbers 

 Figure 9 shows the ratio of the thermo-fluid characteristics 

TP)( PQ&  and FC)( PQ&  of the thermoplate and of the flat 



   

channel with plane walls as function of the geometrical pa-
rameters for selected Reynolds numbers, Re. The ratio is seen 
to increase with increasing LsL , but it still remains smaller 

than unity, the curve for 50Re=  at larger LsL  being an ex-

ception. 
In general, at a larger Reynolds number the thermoplate is 

more effective than at smaller ones. Furthermore, the ratio 

FCTP )()( PQPQ && is smaller at smaller LsL  and larger 

Ldh . Its dependency on LsT  is more complicated because 

of the maxima at larger Reynolds numbers. 
Summarizing the results on thermo-fluid characteristic, we 

may conclude that the flat channel formed by plane walls 
shows a better heat transfer characteristic, expressed in terms of 
pumping power, than the corresponding thermoplate. However, 
a fabrication of such a channel without welding spots seems 
scarcely possible in sizes required in common practice and, 
from this point of view, the parallel plate channel serves merely 
as a model for comparison purposes. 

 
CONCLUSION 

Thermoplates are efficient heat transfer devices, which are 
used in several branches of engineering practice. The complex 
geometry of the inside channel of such a plate results in a flow 
field with a pronounced three-dimensional character. Our com-
prehensive, and at present, not finished investigations aim at 
obtaining a better understanding of the inside fluid flow and 
heat transfer, in order to develop a more powerful relationship 
for heat transfer, including also the pressure drop, which could 
serve as indicators when trying to optimise the channel geome-
try with respect to the thermo-fluid characteristic of the thermo-
plate. 

Despite the fact that not all of the parameters have been 
varied in the range required for the practical purposes, the re-
sults obtained are conclusive regarding the heat transfer poten-
tial of the thermoplate in comparison to a flat channel with 
plane walls. Depending on the geometrical and process pa-
rameters, the heat transfer improvement in the thermoplate 
ranges almost up to the factor of 4. However, this improvement 
has to be paid by an increased pressure drop resulting in a lar-
ger pumping power at the same fluid flow rate. Moreover, the 
computer simulations have revealed that the recirculation 
zones, establishing behind the welding spots, sensitively affect 
the heat transfer and pressure drop in a manner which worsens 
the thermo-fluid characteristic of the thermoplate. Further nu-
merical simulations should also provide the information on the 
arrangement and shape of the welding spots and pave the way 
in how to shape the thermoplate and to optimise its heat transfer 
characteristic.  
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