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ABSTRACT 
Pillow-plate heat exchangers (PPHEs) represent a viable alternative to conventional shell-and-
tube and plate heat exchangers. The waviness of their channels intensifies fluid mixing in the 
boundary layers and facilitates heat transfer. Applying secondary surface structuring can further 
enhance the overall thermo-hydraulic performance of PPHEs, thus increasing their competitive-
ness against conventional heat exchangers. In this work, streamlined secondary structures applied 
on the PPHE surface were studied numerically to explore their potential in enhancing near-wall 
fluid mixing. Computational fluid dynamics (CFD) simulations of single-phase turbulent flow in the 
inner PPHE channel were performed and pressure drop, heat transfer coefficients, and overall 
thermo-hydraulic efficiency were determined. The simulation results clearly demonstrate a favour-
able influence of secondary structuring on the heat transfer performance of PPHEs. 
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INTRODUCTION 
Pillow-plate heat exchangers (PPHEs) are a promis-

ing alternative to conventional shell-and-tube and plate 
heat exchangers. PPHEs are formed by assembling mul-
tiple pillow plates (PPs) into a single unit. These PPs are 
manufactured by spot-welding two steel sheets and 
seam-welding along the edges, followed by hydroform-
ing, resulting in characteristic pillow-like surfaces (see 
Fig. 1). 

Piper et al. [2] conducted a CFD-based study of tur-
bulent fluid flow in the inner channels (IC) of PPs. Their 
simulation results revealed that a fully developed turbu-
lent flow in PPs is characterized by two zones: a recircu-
lation zone arising in the wake of a welding spot and a 
core flow confined by the wall and the recirculation 
zones. The recirculation zones increase pressure drop 
and are characterized by slow heat transfer. By reducing 
the size of these zones, the performance of the PPHEs 
can be improved; thus, optimization of the PPHE geome-
try is possible. Therefore, Piper et al. [2] investigated the 
effect of the form and size of welding spots on the 
thermo-hydraulic performance of PPHE inner channels. 

They reported a 37% efficiency increase for a PPHE with 
streamlined oval-shaped welding spots in a longitudinal-
type PP. Shirzad et al. [3] found that with increasing in-
flation height of the channel, Nusselt number increased 
while pressure drop decreased. 

 
Figure 1: A digital image with the characteristic geometry 
parameters of PPs. Cold fluid flows through inner 
channels, hot fluid flows through outer channels [1]. 

Secondary structuring of surfaces has emerged as 
a method to further enhance PPHE performance. Djakow 
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et al. [4] used electro-incremental hydroforming (EIHF) to 
apply dimples on PP surfaces; based on numerical simu-
lations, they showed a 24% increase in heat transfer co-
efficient in an IC of the studied PPHE. Piper et al. [5] 
demonstrated that dimpled surfaces in the outer chan-
nels reduced the negative impact of the recirculation 
zones and improved efficiency. Afsahnoudeh et al. [1] ex-
tended this analysis to a wider range of secondary struc-
tures and found that streamlined secondary structures in 
the outer channels increased thermo-hydraulic efficiency 
by up to 6%. 

Despite these promising results, applying secondary 
structures on PP surfaces presents challenges, as this 
method is mainly suitable for simple geometries while 
surface altering requires a substantial amount of energy 
(see [6]). Considering these limitations and considering 
that the main heat transfer resistance can be located in 
the inner channels [2,3], this work focuses on simple 
streamlined secondary structures that achieve a balance 
between performance, manufacturability, and cost. De-
tailed numerical simulations are conducted to evaluate 
the effect of secondary structures on flow characteristics 
and heat transfer efficiency. 

GEOMETRY GENERATION AND SURFACE 
STRUCTURING  

To accurately simulate fluid dynamics and heat transfer 
in the ICs of PPHEs, a realistic digital representation of 
the PP geometry, which defines the computational do-
main, is necessary. We employed a forming simulation 
method detailed in [7] to generate the basic PP geome-
try. This geometry does not contain secondary structures 
and serves as a benchmark for the comparison with sec-
ondary structured PP. The benchmark has already been 
optimized with respect to the thermo-hydraulic perfor-
mance (see [2, 3]).  
In our previous work [1], we explored the thermo-hydrau-
lic behavior of the outer channel with different secondary 

structures. It was found that the PPs with ellipsoidal sec-
ondary structures that resulted in a larger volume of the 
outer channel were most effective in reducing pressure 
drop and form drag. This geometry, in which both the ar-
rangement and shape of the individual secondary struc-
tures are streamlined (Fig. 2, left) is denoted as stream-
lined-ellipsoidal. In [1], we also found that spherical (dim-
ple) secondary structures were most effective in increas-
ing heat transfer, yet with higher pressure drop. 
Therefore, in this work, we studied two competing PP 
geometries, the streamlined-ellipsoidal one and the 
streamlined-spherical geometry in which ellipsoidal 
forms are replaced by spherical forms. The digital images 
of the two studied secondary structured PPs are shown 
in Figure 2. In Table 1, the dimensions of the studied PPs 
are summarized. 

Table 1: Geometrical parameters of the studied PPHEs 
(all dimensions in mm). 

𝒅𝒅𝑺𝑺𝑺𝑺  𝒔𝒔𝑳𝑳  𝒔𝒔𝑳𝑳  𝜹𝜹𝒊𝒊 𝒂𝒂 𝒃𝒃  𝒅𝒅𝑫𝑫 

10 36 42 7 4.72 14.2 8.2 

CFD MODELING 

Model and solution method 
The numerical simulations were carried out with the 

commercial software Fluent 24.1 by ANSYS. The fluid 
flow was modeled as incompressible, single phase and 
turbulent, with constant fluid phase properties.  

Due to the formation of recirculation zones down-
stream of the welding spots in an IC and the potential ad-
ditional recirculation caused by secondary structures, it 
is crucial to select a turbulence model capable of accu-
rately resolving flow separation. Additionally, the bound-
ary layer separation is expected to induce laminar-turbu-
lent transition. Therefore, to simulate the flow in the IC of 
the studied PPHEs, we employed the SST model com-
bined with 𝛾𝛾 (intermittency) transition model [8]. Here, 𝛾𝛾 

 
Figure 2: Digital images of the studied PPHEs with secondary structures: streamlined-ellipsoidal (left) and 
streamlined-spherical (right). Red dashed lines denote the secondary structures. 
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defines the extent of turbulence production in the flow. It 
has a value of zero for laminar flow, one for fully turbulent 
flow, and is between zero and one for the transitional 
flow. The turbulence production term in the SST model 
equations is multiplied by 𝛾𝛾, which allows a smooth tran-
sition between laminar and turbulent regimes based on 
local flow conditions. This model is well suited for resolv-
ing separation-induced and crossflow-induced laminar-
turbulent transition in complex geometries [8]. 

The simulation domain and boundary conditions are 
illustrated in Fig. 3. To reduce the computational effort, 
we made use of the flow and geometry symmetry by ap-
plying symmetric boundary conditions at 𝑦𝑦 = 0 and 𝑦𝑦 =
0.5 𝑠𝑠𝑇𝑇 (see Fig. 3). No-slip and constant temperature 
boundary conditions were set at the wall. Additionally, 
periodic boundary condition was applied at the inlet (𝑥𝑥 =
0) and outlet (𝑥𝑥 = 2 𝑠𝑠𝐿𝐿) boundaries of the channel, while 
prescribed values of mass flow and constant bulk tem-
perature were given at 𝑥𝑥 = 0. Using periodic boundary 
condition inherently restricts the investigation to the (pe-
riodically) fully developed region. Fluent 24.1 utilizes the 
method introduced by Patankar et al. [9] for simulating 
problems with periodic boundary conditions.  

 
Figure 3: Computational domain and boundary 
conditions of the PP inner channel. 

Grid generation 

The grid used was an unstructured poly-hexacore mesh 
generated with the Fluent-Meshing tool. A grid 
independence study was performed for all the 
investigated geometries. Depending on the specific 
geometry, different grids were generated. The grid was 
considered finalized when doubling the number of cells 
resulted in only negligible differences in pressure drop 
and heat transfer coefficient (less than 0.1%). The 
number of grid cells ranged between 36 and 42 million. 
For the finalized grid, the maximum value of the 
dimensionless wall distance (𝑦𝑦+) was about 0.05. 

THERMO-HYDRAULIC EVALUATION 
CRITERIA  

To assess the thermo-hydraulic characteristics of 
the flow in PPs, the following criteria were used.  

The Darcy friction factor (𝜉𝜉𝛥𝛥𝛥𝛥) can be estimated by 
the Darcy-Weisbach equation: 

𝜉𝜉𝛥𝛥𝛥𝛥 = 2𝑑𝑑ℎ|∆𝑝𝑝|
𝜌𝜌𝑢𝑢𝑚𝑚2 2𝑠𝑠𝐿𝐿

 (1) 
where 𝑢𝑢𝑚𝑚 is the mean velocity in the IC, 𝑑𝑑ℎ is its hydraulic 
diameter, which can be calculated by the method pro-
posed in [7], and ∆𝑝𝑝 is the overall pressure drop, calcu-
lated as the difference between the surface-averaged 
pressure values at the inlet and outlet boundaries.  

Using the Fanning friction factor (𝜉𝜉𝑅𝑅), determined as 

𝜉𝜉𝑅𝑅 = 8𝜏𝜏𝑤𝑤
𝜌𝜌𝑢𝑢𝑚𝑚2

 (2) 

the drag coefficient (𝜉𝜉𝐷𝐷) is obtained by subtracting Eq. (2) 
from Eq. (1): 

𝜉𝜉𝐷𝐷 =  𝜉𝜉𝛥𝛥𝛥𝛥  − 𝜉𝜉𝑅𝑅    (3) 

The Nusselt number is defined by: 

𝑁𝑁𝑁𝑁 =  ℎ𝑚𝑚𝑑𝑑ℎ
𝜆𝜆

 (4) 

where 𝜆𝜆 is thermal conductivity, and ℎ𝑚𝑚 represents the 
surface-averaged heat transfer coefficient which can be 
calculated as: 

ℎ𝑚𝑚  =  𝑞̇𝑞𝑤𝑤
𝑇𝑇𝑤𝑤 − 𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

 (5) 

In Eq. (5), 𝑞̇𝑞𝑤𝑤 is the heat flux in the direction normal to the 
wall and 𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 is the bulk temperature: 

𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏  =  
∫ 𝑢𝑢𝑢𝑢𝐴𝐴𝐶𝐶𝐶𝐶

𝑑𝑑𝑑𝑑

∫ 𝑢𝑢𝐴𝐴𝐶𝐶𝐶𝐶
𝑑𝑑𝑑𝑑

 (6) 

The thermo-hydraulic efficiency 𝜀𝜀 is defined as a ra-
tio of the transferred heat per unit time to the pumping 
power: 

𝜀𝜀 =  𝑄̇𝑄𝑤𝑤
𝑉̇𝑉∆𝑝𝑝 

 (7) 

where 𝑉̇𝑉 is the volumetric flow rate, and 𝑄̇𝑄𝑤𝑤 is area-aver-
aged wall heat flux. 
The evaluation of the heat transfer coefficient and 
thermo-hydraulic efficiency of the studied secondary 
structured PPs is based on the relative deviation of these 
quantities from the relevant benchmark quantities: 

𝑍𝑍∗ = 𝑍𝑍 (𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) − 𝑍𝑍 (𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏ℎ𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚)
𝑍𝑍 (𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏ℎ𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚)

 × 100%      (8) 

MODEL VALIDATION 
The validation of the CFD model was carried out for 

the benchmark geometry (PPHE without secondary 
structures). The comparison of the numerical results was 
performed with the correlations for the Darcy friction fac-
tor (𝜉𝜉𝛥𝛥𝛥𝛥) and the Nusselt number (𝑁𝑁𝑁𝑁) from [10].  

As can be seen in Fig. 4, 𝜉𝜉𝛥𝛥𝛥𝛥 values obtained from 
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the simulation are about 9% lower than the correlation 
data (Fig. 4a), while 𝑁𝑁𝑁𝑁 values are overestimated by 
about 13% (Fig. 4b) except for Re = 4000 which shows a 
higher deviation. Considering that the correlations taken 
from [10] have an accuracy of ±6% for the Darcy friction 
factor and ±15% for the Nusselt number, it can be con-
cluded that the simulation results are within the accuracy 

of the correlations and, hence, the CFD model is vali-
dated.  

RESULTS AND DISCUSSION 
With the validated CFD model, simulations were 

conducted to investigate the effect of secondary 

 
Figure 4: Comparison of simulated Darcy friction factor (a) and Nusselt number (b) with data obtained by 
correlations from [10]. 

 
Figure 5: Local wall quantities: shear stress (a), pressure gradient in flow direction (b) and normalized heat flux 
(c). 
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structures on the flow characteristics and heat transfer. 
Results were obtained for Reynolds numbers ranging 
from 1000 to 3000. 

In Figure 5, the simulation results of the benchmark 
IC are shown. The continuous variation in the cross-sec-
tional area of the IC leads to frequent accelerations and 
decelerations of the flow, resulting in significant changes 
in wall shear stress (Fig. 5a) along the main flow direction 
(x-direction). At the maximum inflation height (largest 
cross-sectional area), the static pressure increases, 
leading to a positive pressure gradient in the flow direc-
tion (Fig. 5b). This causes boundary layer separation and 
increased form drag. As the flow approaches the welding 
spot, the cross-sectional area narrows, causing acceler-
ation, a decrease in static pressure, and the development 
of a negative pressure gradient. The latter reaches its 
minimum at the stagnation point on the welding spot. 
Downstream of this point, another boundary layer sepa-
ration occurs on the welding spot, forming recirculation 
zones. These zones are the primary contributors to form 
drag in the IC of the PP. As can be seen in Figure 5c, heat 
transfer in these recirculation zones is very slow, further 
emphasizing their detrimental impact on the overall per-
formance. 

Figure 6 shows the pressure gradient for the sec-
ondary structured PPs. These structures are located in 
such a way that they are aligned on the maximum infla-
tion height. This alignment mitigates the pressure gradi-
ent variations along the main flow, resulting in milder ac-
celerations and decelerations. Consequently, wall friction 
(Fanning friction factor) and form drag caused by bound-
ary layer separation on the PP surface are reduced. As a 
result, the overall pressure drop for both secondary-
structured PPs is lower than that of the benchmark. This 
reduction is demonstrated in Figure 7, which shows the 
Darcy friction factor defined by Eq. (1). 

The secondary structures of the streamlined-ellip-
soidal PP were most effective in reducing the pressure 
drop. For a better analysis of the impact of the secondary 
structures, Figure 8 depicts the Fanning friction factor 
and drag coefficient. It is evident that the streamlined-
ellipsoidal structures primarily influence form drag. The 
ellipsoidal secondary structures are stretched along the 
flow direction, which smoothens variations in pressure 
gradient. This leads to lower wall shear stress (reducing 
Fanning friction) and minimizes regions with a positive 
pressure gradient, thereby mitigating boundary layer 
separation. The latter effect is particularly significant, as 
the drag coefficient for the streamlined-ellipsoidal PP is 
approximately 10% lower than that of the benchmark. The 
results for the streamlined-spherical PP reveal a different 
behavior compared to the streamlined-ellipsoidal design. 
While the Fanning friction factor remains nearly the same 
as for the benchmark, the drag coefficient is reduced by 
approximately 4%. For both secondary structured PPs, 

the drag coefficient was lowest at 𝑅𝑅𝑅𝑅 = 2000. 

 
Figure 6: Pressure gradient in flow direction for different 
PPs: streamlined-ellipsoidal (a); streamlined-spherical 
(b). The secondary structures are denoted with black 
contours. 

In Figure 9, the heat transfer coefficients of the sec-
ondary-structured PPs relative to the benchmark (ℎ∗) are 
shown. While the streamlined-ellipsoidal PP effectively 
reduced the pressure drop, its heat transfer coefficient 
was lower due to lower wall friction and fluid mixing in the 
boundary layer. In contrast, the streamlined-spherical PP 
achieved higher heat transfer rate by enhancing fluid 
mixing in the boundary layer.  

 
Figure 7: Darcy friction factor for studied PPHEs 

From an industrial perspective, the thermo-hydrau-
lic efficiency 𝜀𝜀 defined by Eq. (7) provides a more mean-
ingful performance evaluation. As shown in Figure 10, the 
streamlined-ellipsoidal PP consistently achieves a signif-
icant enhancement of thermo-hydraulic efficiency rela-
tive to benchmark (𝜀𝜀∗) across the entire range of studied 
Reynolds numbers. This indicates that the “more stream-
lined” secondary structures are more effective and show 
a high potential for optimizing the thermo-hydraulic 
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efficiency of PPHEs. 

 
Figure 8: Friction coefficients: Fanning friction factor (a) 
and drag coefficient (b) for studied PPHEs. 

 
Figure 9: Heat transfer coefficient of the studied 
structured PPs relative to benchmark. 

CONCLUSION 
In this work, a CFD-based study was conducted to 

analyse fluid flow and heat transfer in the inner channel 
(IC) of pillow-plate heat exchangers (PPHEs) with 
streamlined secondary structuring. Two designs, stream-
lined-ellipsoidal and streamlined-spherical, were com-
pared with a benchmark representing an optimized PPHE 
geometry without secondary structures. 

The streamlined-ellipsoidal design resulted in a sig-
nificantly reduced pressure drop by minimizing boundary 
layer separation and levelling out pressure variations 

along the main flow direction. However, its streamlined 
shape resulted in lower near-wall mixing, and hence, 
lower heat transfer coefficient compared to the bench-
mark. In contrast, the streamlined-spherical design en-
hanced heat transfer by improving near-wall mixing but 
offered a lower reduction in pressure drop. 

 
Figure 10: Thermo-hydraulic efficiency of the studied 
structured PPs relative to benchmark. 

The overall performance was evaluated using 
thermo-hydraulic efficiency. The streamlined-ellipsoidal 
design outperformed both the benchmark and the 
streamlined-spherical design for all studied Reynolds 
numbers. This clearly highlights the potential of the 
streamlined secondary structures in optimizing the per-
formance of the PPHEs. 

Future work will focus on investigating the com-
bined impact of secondary structuring on both inner and 
outer PPHE channels to allow a comprehensive optimiza-
tion. 
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