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ABSTRACT 
 

Numerical and experimental studies of flow and heat 
transfer, in corrugated channels, are presented. Such channels 
are representative of compact heat exchangers − for example 
air or water pre-heaters. The most important characteristic 
parameter of these channels, apart from the channel wall 
shape, is the angle between two corrugated sheets. Paper 
presents measurement results, related to velocity field in such 
channels – by the PIV-method. The efficiency analysis, based 
on the irreversible entropy generation, takes account of two 
processes: flow resulting from the pressure gradient and heat 
transfer delivered from solid walls. This approach is checked 
initially, in details, for arrangements related to two values of 
the angle mentioned, i.e. 0 and 90o: it allows comparing 
velocity fields obtained from the computer simulation and 
PIV measurement (the latter in special corrugated sheets). 
More extensive computer simulation results, for different wall 
shapes (sinuses and semi-circles) and for angle value 
mentioned and equal to 90o, are also presented. 

 
INTRODUCTION 

 

Compact heat exchangers are used in every field of 
engineering – from energy production to transport technology 
and are essential components of fossil-fuelled power plant. 
Usually they help to cool the flue gases leaving the final 
water-heating stage (economizer) – from ~ 300OC to 100°C. 
These gases could be used also to warm air. In plant units 
about 500 MWe, application of such heaters may help to 
recover some 100 MW of low-grade heat. They increase the 
overall efficiency of the plant by two means: (i) preheating 
the combustion air makes the use of lower-grade fuel and (ii) 
in coal-fired plant, providing the means of drying the fuel. 
Rotary regenerators rely on the heat storage capacity of a 
matrix of closely packed corrugated wall plates, alternately 
exposed to the hot flue gases and to the cool combustion air. 

Recently, plate exchangers with corrugated geometry have 
been the subject of significant research due to the possibility 
of improving their performances. Presented work concentrates 
on the development of the method to analyzed efficiency of 
the elementary section (diamond), using computer simulation 
and the PIV method – for checking the real velocity field in it. 

At this stage the steady state flows, through one diamond, 
for constant: pressure gradient and heat flux at the wall/fluid 
interface, are analyzed. To this purpose approach presented in 
[1] is used. It is applied to the geometry presented in details in 
Figs 1 to 6. Information related to the corrugated geometry can 
be found in works [2÷16]. The present paper can be regarded 
as a continuation of works [3, 4 and 6] and [8, 9 and 10]. 

NOMENCLATURE 
 

 

d 
 

[m] 
 

Diameter (or hydraulic diameter) 
g [m] Thickness of the wall 

grad [–] Symbol of  the gradient operator   
H [m] Height of the corrugations 
L [m] Length of the channel section or corrugations  
m [kg/s] Mass flux in the channel  
Nu [–] Nusselt  number 
p [N/m2] Pressure 

Pr [–] Prandtl  number 
q [W/m] Heat  flux  density  per unit  length of  the  channel 

Re [–] Reynolds  number 
S [W/m K] Entropy generation  for  unit  length of  the channel 
T [K] Temperature 
u [m/s] Velocity 

x,y,z [m] Cartesian  axis  directions  
 

Special characters 
Θ [deg] Included angle between corrugations 

 

Subscripts                                                      
gen Irreversible entropy generation           opt      Optimum (minimum) value 
n Normal (perpendicular)  value            th        Thickness of contact area 

 

Superscripts 
               Vector    
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THEORETICAL BACKGROUND AND APPROACH 
 
 

Theoretical background to calculate the entropy generation 
in flow with heat transfer in a tube is given in [1] (see Fig. 1): 

 
           Sgen = Sgen,ΔT + Sgen,Δp                    (1) 

 

 
 

Figure 1. Definition of  the model for calculation of entropy 
       generation for flow with heat transfer in a tube 
 

Using two well known formulas for convective heat 
transfer coefficient and friction factor, i.e.  
 
 
 

    Nu = 0.023 Re 0.8 Pr 0.4    (0.7 < Pr <  160; Re >104)       (2) 
 

            f = 0.046 Re – 0.2            (104
 < Re < 106)                     (3) 

 
 
 

the following final form of the Eq. 1, to calculate the entropy 
generated in these two processes, is proposed:  
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 It is in normalized form, where values of the Sgen, min and 
related to it Reopt are present. They result from Eq. (1), when 
one requests the obvious condition: 
 
 

dSgen   ⁄ d(Re) = 0     (5) 
 

 
Both values mentioned are determined by quantities related to 
“the task of the heat exchanger channel”, i.e. transfer the heat 
q per its unit length to the mass flux m:  
 

Reopt = 2.023 Pr – 0.071 B 0.358    (6) 
 

where           
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As an example, the relation expressed by Eq. 1 for 
prediction of entropy generation in the flow  with  heat 
transfer, as a function of the Re number, described by Eqs 2 
and 3, is presented  in Fig. 2 −.for different values of heat flux 
q (for the range from 100 W/m to 1500 W/m). For the 
growing q value the total generated entropy minimum moves 
to the larger Re number. The left branch of each cure 
represents the dominating heat transfer contribution and the 
right one domination of the flow.   
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Figure 2. Influence of heat transfer on the irreversible 
 entropy generation in flow with heat transfer in a tube  
 
The same principle is applied to a considerable more 

complicated geometry channel, for which above relations are 
not known. Instead the computer simulation approach is used, 
to find necessary values (the ANSYS–CFX code has been used 
for this purpose). Calculated values, for the required range of 
parameters, are confronted with the measurements of the 
velocity field − by the PIV-method. The work concentrates on 
the elementary channel section, which occurs in the geometry 
analyzed. 
 
 
 
 
 

CORRUGATED GEOMETRY AND GRID 
 
 

Figs 3 to 8 present required characteristic geometrical 
parameters related to the corrugated geometry analyzed. The 
included angle θ, between corrugations, is defined in Fig. 3. 
The general flow direction, through the pack of the channels, 
resulting from the vector grad p is also shown.  

 

 
 
 

Figure 3. Geometrical positioning parameter definition of 
corrugated sheets (angle θ ) and  grad p vector direction. 
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The corrugation parameters: height H, lengths L and Ln are 
shown in Figs 2 and 3 (the latter is a perspective view of two 
plates – from their inlet/outlet sides of the channels array).  

 

 
 

Figure 4. Inlets and outlets arrangement 
      of corrugated channels 

 
The examples of the grid points positioning, in the plane 

between corrugated surfaces, are shown in Figs 5 and 6 −  where 
many contacts (of length gth  , between 2 corrugated surfaces) 
occur.  
 
 

 
 

Figure 5.  Grid in the central plane of the diamond 
 

 
 
 

Figure 6.  Contact area grid points distribution 
 

Each contact region area has been covered by grid points 
shown. The same approach has been used in analysis reported 
in earlier works [3, 4 and 6]. The useful experience gained also 
from other earlier work [2, 5, 7 and 8÷13], related to 
simulation of flows in channels with ribbed surfaces, has been 
used in the present work. Figs 7 and 8 show the elementary 
section (called often ,,diamond”). Apart from verges of two 
plates (shown at the front of Fig. 4) – volumes and geometries 
of all diamonds in the pack of many corrugated sheets are 
identical. 
 

 
 

Figure 7. Diamond  in the ,,computational” space. 
 
 

 
 
 

Figure 8. Real and computational elementary section θ = 90o 

  
Fig. 7 presents the elementary section as a cube with two 

inlets (surfaces marked as AATDTDA at the cube top and 
ABABBBAB at the bottom) and, also, two outlets (surfaces: 
BBTCTCB and DBDCCBDB, respectively). The points marked 
in Fig. 7 are also shown in Fig. 8 – they are placed, on both, in 
the respective places. It is worth to say that in the earlier 
computational  work [3, 4 and 6]  the  comparison of  these two  
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elementary sections helped significantly to generate the grid 
for computer simulations (using FLOW3D code). 

 
 

 
 

 
Figure 9.  Important cross-sections of the diamond 

(a) left: inlets and outlets and  (b) right: diagonal cross-section 
 
 

Fig. 9 present all important cross-section of the diamond, 
i.e.: (a) inlets and outlets (left hand side of the picture) and (b) 
diagonal cross-section (marked by letters DTBL − see also 
Figs 7 and 8). Through the DTBL cross-section the whole 
mass flux flows, therefore, it is equal to: (i) the mass fluxes 
through 2 inlets and, also to (ii) the sum of the 2 outlets 
fluxes. It is important to state that, from presented geometry 
and flow conditions, for steady state flow conditions, mass 
fluxes through each inlet and outlet are equal.  

 
 

 
 
 
 
 

Figure 10. Corrugated plates arrangement  
 
 

 

 
 
 
 

Figure 11.  Example of one elementary section of  
                   (shape of walls defined by grid points) 

 
Next two pictures, i.e. Figs 10 and 11, present the pack of 

corrugated surfaces and one diamond only, respectively. Both 
geometries are for the value of the included angle, between 
corrugations, θ = 90o. Pictures were generated recently by the 
ANSYS-CFX code. Fig. 11 shows diamond grid used only for 
fully develop flow simulation (inside wall/fluid interface): 
velocity field has periodicities in 2 flow directions. The cubic 
section grid with walls (shown in Fig. 12) allows the heat 
transfer simulation between the walls and two periodic fully 
developed fluid flows (on both wall sides).  

 
 

 
 
 
 

       Figure 12. Cubic  section  with  parts  of  2  diamonds; 
                    all walls have specified thickness; θ = 90o 
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It is worth to state that the method presented above and 

related to heat transfer simulation between the corrugated 
diamond walls and the two not mixing fluid streams on their 
both sides – cannot be made otherwise.  

 
 

 

PIV VELOCITY MEASUREMENTS IN CORRUGATIONS 
 
 
 

The PIV Dantec® system  was used: two pulse Ng YAG 
lasers with maximum 50 mJ energy output, digital video 
camera CCD 80V60PIV/PLF Hi-Sense (1280x1024 pixels), 
special FlowManager® double PIV processing unit and a 
computer controlling all units. The maximum rate of PIV 
system operation was 4 measurements (4 double frames) in 1 s. 
(More details are given in [14]). In the experiments, different 
areas of the channel were recorded (see Table 1 with 
pictures). 

 
The special plastic corrugated plate has been used to 

measure velocity with PIV equipment (in all pictures 
presented in the paper). This plate geometry is presented in 
Figs 13 and 16. In fact they represent, for θ = 0, a long ”tube 
channel”.  

 

 
 

Figure 13. Geometry of corrugated  cross-section channel 
(for θ = 0 it is a tube – see Fig.16) 

 
 
Fig. 14 shows simulated velocity contour picture for 3 

different tubes (all have cross-section areas equal to 44 cm2). 
For θ = 0 only velocity component along the symmetry axis 
exist. Corrugated geometry, for θ > 0, has complicated 
velocity field inside each diamond: its circulatory character 
increases with the θ angle. Fig. 18 shows the PIV-velocity 
picture for θ = 90o and the circulatory character of the special 
flow − obtained in special experiment with the arrangement 
shown in Fig. 17 − where parts of blockages A and B  (marked  
in red) are removed. The same circulatory character of the 
flow can be seen also in Fig. 25. 
 
 

 
 
 
 

 
 

Figure 14. Velocity contour profiles in 3 cylindrical channels; 
all cross-areas 44 cm2; 2 symmetry axes but different shapes:  
             square,          quarter-circles  and          sinus 
 

The PIV equipment, the set-up and arrangement to conduct 
measurement in corrugated channels are presented in Figs 
15÷17 and 19.  In fact the positioning of these figures on this 
very page – reflects the real set-up: The sheet laser light 
(Fig.15) should penetrate the volume where the velocity field 
knowledge is required. The recording camera (Fig. 19) is 
supposed to be perpendicular to the sheet laser light. When 
one is interested in fully developed flows then: (i) pipe must 
have sufficient length and measurements should be made close 
to the pipe outlet (shown in Fig. 15) and (ii) in corrugate array 
of diamonds −the flow velocity measurement should be made 
after it goes through a few diamonds (from inlets supplying 
array) and is not too close to the outlets (situated, for example, 
at the centre of the diamonds layer − at the tip of the black 
area − see Fig. 16). 

 
Examples of the PIV-velocity distribution pictures are 

shown in Fig. 20 (in the tube channel, for θ = 0 – presented in 
Figs 13 and 16) and  in Table 1 − inside the diamond θ = 90o. 
Comparison of  two profiles presented  in Fig. 20 i.e. from: (i) 
the computer simulation and (ii) PIV measurements – show 
good agreement. This gives an confidence in simulation  
results. Table 1 presents 9 PIV-pictures, which give 
information  about 3−dimentional velocity field in its top part. 
Note that the vector length scales on each figure are not the 
same (they differ by the factor about 20). The value of each 
vector  is  determined by the colour  associated  with  each 
figure. 
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Figure 15.  PIV device to produce laser sheet light 
 
 

 
 

 

Figure 16. Plastic corrugated tube (i.e. θ = 0) to measure, 
by PIV-method, velocity profiles (see Table 1) 

 
 

 
 
 

 
     
 
 
 
 
 
 
 
 
 
Figure 17.   Layer  with  diamonds,  for  measurements 
     of   diamond   velocity    distributions    in    planes 
     perpendicular  and   parallel  to  elementary   sections 
     inlets  and  outlets (see  Table 1)  
 

 

 
 
 

   Figure 18.  Total  vector  velocity field, by PIV-method,  in 
      plane  perpendicular  to  the  top  part  wall  of  diamond   
      (for θ = 90o)  −  for  special  flow  arrangement 
 

 

 
 

Figure 19. Camera for PIV pictures recording 
 

The special plastic corrugated plate mentioned, used to 
measure velocity with PIV equipment (in all pictures presented 
in  the  paper)  was  chosen  as  the best of available  on   the 
marked  − to work with the laser light It served with good 
results to validate computer simulation results not only for the 
experimental tube and corrugated channels made from it − but   
also for all simulations  performed  for  other  two  different  
cross-section (presented  in Fig. 14).  

Chosen set of pictures presented in the paper and  measured 
by the PIV−method  and compared   with  the simulation  
results  are  presented  in  Figs  20, 23 and  in Table 1 (which 
contains 9 figures). All of them serve to compare values  
resulting  from  the computer simulation. It is important to 
state, that despite complicated and difficult geometry − 
application of this method allowed to confirm validity of 
computer simulation results and other quantities calculated 
using these values.  

B 

A 
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Figure 20. Comparison of velocity distribution in corrugated geometry, θ = 0; air mass flux 1400 l/h 
                        (i) left - from computer simulation    and   (ii) right - measured by PIV-method 
 
Table 1. Velocity distribution [m/s]  in corrugated  section;  θ = 90o;  air mass flux 1400 l/h  (for direction see Figs 8 or 20) 
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Fgure 21. Vector velocity field in the diamond middle-plane; 
         computer simulation, cross-section as in Fig. 13; θ = 90o; 
         water m = 0.75 kg/s  and   grad  p = 100 Pa/m 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
        Figure 22. Top-right part of the middle-plane vector 
            velocity field from Fig. 21 
 

 
 
Figure 23. PIV−picture of the experimental velocity field for 
flow and geometry conditions as in Figs 21 and 22 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     Figure 24.  Contour  total  velocity field  in the diamond  
          diagonal cross-section. Shape walls sinus. Re = 37000; 
          water m = 1.9 kg/s  and   grad  p = 170 Pa/m 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    Figure 25.  Total  velocity  vector  field   in  the diamond  
          diagonal cross-section.; case as in Fig. 24 
 
 
EFFICIENCY SIMULATION RESULTS  
 
 

In the present paper extensive analysis of flow with heat 
transfer efficiencies in corrugated channels with different 
cross-section shapes, for two angle values, i.e.  θ = 0 and θ = -90o. 
Results are presented as function of the Re number, based on 
the hydraulic diameter, and the heat flux q = 550 W/m (for all 
channels analyzed). They are shown in Figs 26 to 30 and result 
from computer simulation. The latter is in normalized form 
(by the minimum value for the circular smooth tube).  
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Figure 26. Influence  of  the  heat  flux value q on the entropy 
generated in the forced convection flow in the tube 44 cm2 − for 
different Re-number values (it is  repetition of Fig. 2 − for 
comparison with other figures on this page)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 27. Irreversible entropy generation; forced convection 
with heat transfer (constant heat flux per 1m channel length: 
q = 550  W/m) in tube channels θ = 0o  − for different values 
of the Re-number; all tubes have the same cross-section 
equal to 44 cm2 − see Fig. 13)  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 28. Normalized entropy generations shown in Fig. 27, 
 by irreversible entropy generation minimum value for flow  
 with heat transfer  in  a  smooth  tube (θ = 0o),  i.e.: 
        Re = Reopt = 45800;  SgenMin = S(Reopt) = 0.087  W/mK) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 Figure 29.  Comparison  of  the  entropy  generation; flow 
  with heat transfer (q  =550 W/m) in the tube and corrugated 
  diamonds  with  wall  shapes: (i) sinus  and  (ii) semicircles 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 30. Comparison of the entropy generations; flow with 
   heat transfer (q = 550  W/m) for the Re-number range in:  
     (i)     circle tube;  
     (ii)  "sinus" wall tube; 
     (iii) "semicircle" wall tube; 
     (iv) "sinus walls" corrugated diamond θ = 90o and  
     (v)  "semicircle walls"  corrugated diamond θ = 90o 
 
 
 

CONCLUSION 
Numerical simulations predictions of velocity field in 

corrugated geometry were validated against the ones recorded 
by the PIV-method. It contains results for 2 different included 
angles between corrugations i.e. (i) zero (in this case it is a 
tube channel) and (ii) 90o. Different wall shapes were 
analysed. The Bejan method has been used to compare 
irreversible entropy generation from forced convection with 
heat transfer − for different corrugated geometry channels. 
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