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Abstract

We report a numerical evaluation of the impact of continuous helical baffle on the heat recovery efficiency of coun-
terflow tube bundle heat exchangers. The baffle inclination angle has been varied from 11° to 22°. Since the fluid
flows over the tube bundle at an angle due to helical flow inside the shell, the heat exchanger operates in cross coun-
ter mode. Fluent simulations with the k-w transition shear stress transport turbulence model have been performed

to investigate the thermal-hydraulic parameters of the system in terms of heat recovery efficiency, pressure loss,

and overall heat transfer rate. Outside air temperature has been varied to mimic cold and warm weather. Pressure loss
has been constrained to be less than 250 Pa, conforming to EU guidelines for energy labeling of residential ventilation
units. At the maximum volume flow rate of 40 m3/h, the device performed with over 80% heat recovery efficiency

for the considered temperature difference. Continuous helical baffles helped to improve convective heat transfer

by reducing cross flow area and increasing velocity. Smaller angles result in greater pressure loss while having no dis-
cernible effect on heat recovery efficiency for the considered geometry. The analysis demonstrates the potential

of a compact counterflowing recuperative heat exchanger with continuous helical baffles for decentralized ventila-
tion systems and serves as a basis for further optimization.

Keywords Continuous helical baffle, Compact recuperative heat exchangers, Cross-counter flow, Decentralized
ventilation, Air to air heat exchanger, k — w transition SST, Grid Convergence Index (GCl)

1 Introduction continuously and in turn increase energy requirements

Air handling units (AHU) are widely used in commercial,
food processing, manufacturing, and residential build-
ings to maintain air quality indoors. To maintain the
air quality inside an enclosed space, AHUs need to run
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to maintain optimal temperature indoors. To circum-
vent this, AHU with integrated air-to-air heat recov-
ery systems are used. On the other hand, buildings in
the European Union (EU) have to be by default airtight
to maintain higher energy efficiency standards [1]. Air-
tight buildings without any air exchangers have a higher
susceptibility to mold formation from trapped humid-
ity. In the EU, around 75% of buildings are not energy
efficient and are responsible for approximately 40% of
the total energy consumption, of which 85% is spent on
heating and hot water [2]. Energy-efficient buildings are
a must have according to the European Green Deal [3].
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In Germany, bulk of the heating is generated by either
burning natural gas (47.2%) or oil (25.6%) and at the
end of year 2021 about 16.2% was supplied by renewable
energy [4]. The development of energy-efficient systems
is of absolute importance to tackle the challenge of cli-
mate change. In principle, integrating a recuperative heat
exchanger parallel to fine dust filtering in a ventilation
system has the potential for significant energy efficiency
improvements.

Tube bundle heat exchangers are frequently used due
to their high flexibility, easy maintenance and cost effi-
ciency [5, 6]. Introducing baffles on the shell side signifi-
cantly increases the overall heat transfer rate, optimizes
the system efficiency, and provides support for the tube
bundles [7]. Different types of baffles, such as segmented
[8, 9], disk and donut [10], and overlapped helical baf-
fle [11], have been developed to increase heat exchanger
performance. Although introducing baffles on the shell
side increases performance, it comes with associated
challenges, such as increased pressure loss, dead zones,
and fouling [7]. To overcome these drawbacks, helical
baffles were introduced [12, 13]. These baffles consist of
four approximate elliptical helicoids placed in a particu-
lar angle, which occupies a quarter of the shell side. This
helical configuration effectively forces the flow on the
shell side into a plug flow, which performs better than seg-
mented baffles [7], and has a smooth transition of pres-
sure loss and velocity distribution on the shell side with
increased heat transfer performance [11, 14, 15]. Over the
last two decades, extensive experimental and numerical
researches have been conducted to identify bottlenecks
and optimize the helical baffle configuration [15-19]. A
detailed investigation of baffle angle, baffle position, and
their respective performance is documented [20-23].
Experimental observations show a 10% increase in heat
transfer rate for the same pressure loss compared to tradi-
tional segmental baffles [20].

All the considerations have been done for standalone
liquid-to-liquid heat exchangers. To the best of our
knowledge, continuous helical baffle configurations have
not been utilized in any AHU so far. Here we report on
the integration of continuous helical baftles on the shell
side which enables a combination of cross flow and coun-
ter flow. Furthermore, it forms a helical flow on the shell
side, which introduces turbulence due to flow separation
from the tube outer surface and enhances local mixing,
which in turn increases overall system performance help-
ing to eliminate dead-zone on the shell side. The pressure
loss is significantly lower compared to the disk and donut
or segmental helical baffle configurations.

Usually, metals such as aluminum, nickel, or stainless
steel are used in heat exchangers due to their favora-
ble thermal properties. Susceptibility to corrosion and
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erosion, however, makes operating these heat exchang-
ers in a damp and/or highly humid environment chal-
lenging. Furthermore, higher costs associated with
commissioning and maintenance prompted the indus-
try to look for viable alternatives. Polymers are non-
corrosive, hydrophobic, and with a smooth inert surface
poorly suitable for microorganisms and bio-films. Opti-
mal hygiene and antibacterial properties can also be
integrated easily [24—26]. One of the major challenges
with polymers, however, is their lower thermal conduc-
tivity. Over the last two decades, a lot of research effort
has been invested in improving the thermal performance
of polymer composite materials. A comprehensive sum-
mary of recent advancement as well as applicability and
associated challenges of composite polymers in heat
exchangers can be found in [27-32]. Using very thin
tube walls, it is possible to compensate for the low ther-
mal conductivity of the plastic materials. Both experi-
mental and numerical investigations in terms of material
and design are ongoing for a suitable air-to-air heat
exchanger for ventilation systems [33—-37].

In this paper, we study a polymer composite recu-
perative shell and tube heat exchanger with continuous
helical baffles, which exhibits at least 80% heat recovery
efficiency over a wide temperature range. The maximum
allowable pressure loss has been prescribed to be 250 Pa
in accordance with [38]. In the subsequent sections, we
present detailed description of the considered geometry,
followed by the outcome of the numerical investigation.

2 Computational domain and governing equations
In the presented study, two geometries with different
shell inner diameter have been investigated. Figure 1
presents the computer-aided design (CAD) of the con-
sidered shell and tube heat exchanger with continuous
helical baffles. The outside air enters the heat exchanger
through the circular inlet labeled “Inlet outside” in
Fig. 1a and washes over the tube bundle, before exiting
the through the “Outlet outside” The baffles guides the
flow over the tube bundle to follow a helical path. The air
from the room enters the exchanger through the circu-
lar inlet termed “Inlet room” and passes through the tube
in a straight path before exiting the domain through the
exhaust termed “Outlet room” To eliminate the influence
of the backflow inside the core section, the room air inlet
and fresh air outlet are placed 150 mm away from the
heat exchanger core. The flow is driven by a constant vol-
ume flow rate normal to boundary at the inlets. Initially,
a set of 3 counterflow heat exchangers, consisting of 310,
417, and 647 tubes, have been studied.

To minimize the pressure drop and maximize com-
pactness on the shell side, tubes are placed in a triangu-
lar pitch layout. The heat exchanger core has an outer
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Fig. 1 Overview of a heat exchanger geometry. b Tube outer diameter t, , shell inner diameter Ds, and center tube diameter D;. ¢ Baffle pitch 8
for 1 turn and 2 turn depicting outer and inner helix. d, e 1-/2-turn helical baffle with the center support tube

diameter of 175 mm and a tube length of 290 mm. Two
co-rotating baffles with a baffle pitch of 220 mm and 110
mm, respectively, are integrated on the shell side. For sim-
plicity, these two configurations are referred to as 1-turn
and 2-turn baffles in the proceeding sections. In the next

(e)

step, another heat exchanger with identical dimensions
has been considered. The only variation has been the shell
inner diameter, which has been increased from 175 to 230
mm with baffle pitch of 220 mm. In Table 1, dimensions of
the considered geometries are summarized.
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Table 1 Geometric parameters for the two designs with 1- and
2-turn helical baffles

Item Dimensions Geometry 1 Geometry 2
Shell parameter ~ Ds [mm] 175 230
Tube parameter  dro [Mmm] 35 35
Length [mm] 290 290
Thickness [mm] 0.6 06
Pitch S [mm] 6.2 6.2
Baffles Pitch B [mm]
1-turn 220 220
2-turn 110
Thickness [mm] 0.6 06
No of baffles 2 2,3,4,and 12
Angles 21.89°and11.3 16.59°

The working fluid is considered to be compressible,
with the thermophysical properties set as tempera-
ture dependent. The thermophysical properties of the
heat exchanging tube and baffles are considered con-
stant. The unsteady Reynolds Averaged Navier-Stokes
(RANS) equations are considered to describe the flow
of a compressible fluid and are given as [39],

ap
7_‘_7 u;)) =0 1
ot 0x; (i) @)
p 0 dup | w2 atk
(pu1)+ <pu,u,)——a—M+a—M[u<a—&+a—é—gai,va—xlﬂ+8’;
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Equations (1), (2), and (3) correspond to mass,
momentum, and energy conservation equations respec-
tively and p, u;, and E represents the Reynolds averaged
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solvers. Sy, is the heat source, either due to radiation or
due to joules heating. In the energy Eq. (3), E is defined
as

E=n-£4 (@)
0

M\NN

where / is the sensible enthalpy of the system, p is the
pressure, and u; is the velocity.

The tubes act as obstacles on the shell side, which
results in flow separation from the tube surface and baf-
fles also have potential to introduce fluid-induced vibra-
tion [19, 22]. Hence, to model turbulent flow behavior,
the 4-equation transition Shear Stress Transport (SST)
[39, 40] model has been utilized. The transition SST
model has been widely used to investigate the flow on
the shell side of tube bundle heat exchangers [41-43].
The transition SST model is developed, by coupling two
additional equations [39, 40] for intermittency y and the
transition onset criterion in terms of momentum thick-
ness Reynolds number Réy; [44] with the SST k-w model
[45]. This model effectively combines k-w and k-¢ models
to capture the flow behavior near the wall and far away
from the wall, respectively. This model is a good choice
for wall bounded flows [39], performs better with adverse
pressure gradients, and is consequently better for flows
with flow separation [46]. The resulting set of equations
reads:

apy)  d(pljy) 3 we\ Oy
=P, —E, + — Ll el
Jat + ax; 4 vt ox; mt oy ) 0xj (5)
3(pREy) 9 (pUjReg:) KB eet
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density, velocity, and energy of the considered fluid.
R in (2) is the Reynolds stress tensor

Here T = pu

and should be modeled accordingly to have a closed
system. Within the energy conservation equation, the
effective thermal conductivity is defined as ko = k + k¢
and the turbulent thermal conductivity k; is defined
according to the chosen turbulence model. The viscous
dissipation term, ] u;, is only activated if the Brink-
man number = approaches or exceeds the value 1.
Here, AT corresponds to the system temperature dif-
ference and is enabled by default for density-based

Equation (5) is the transport equation for inter-
mittency y where P, is the transition source terms
and E, is the destruction/relaminarization source.
Equation (6) is the transport equation for the transi-
tion momentum thickness Reynolds ~number Reg;.
In (7), the source terms are given as Py = yo7 P and
Dy = min(max(yeg,0.1), 1.0)Dy. Here, Py and Dy are the
production and destruction of turbulent kinetic energy
Kk respectively. In (8) P, and D, are the production and
destruction of the turbulence dissipation rate w respec-
tively and Fj is responsible switching between the k-w
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and k-e turbulence model. The detailed description is
omitted here. Interested readers are referred to the com-
prehensive description given in references [39, 40, 44].

The Peng-Robinson equation of state is used to account
for the density variation with respect to temperature [47].
The inlets of the incoming fresh air and outgoing room air
are specified as a mass-flow-inlet. To maintain the same
volume flow rate on both shell and tube side, for inlets of
the incoming fresh air and outgoing room air, the mass
flow rate has been specified according to the tempera-
ture and density of the fluid. The outlets are modeled as
pressure outlets. The exterior wall of the heat exchanger
is modeled as adiabatic to exclude the influence of the
surrounding temperature on the heat exchanger. It is jus-
tified, as the heat exchanger will be equipped with a ther-
mal insulation prior to installation. The exterior walls, as
well as the tube walls, are specified to be no-slip walls.
The tube walls are modeled as zero-thickness walls and
fluent automatically creates a shadow zone to account for
the two adjacent sides of tube and shell.

A pressure-based solver in fluent has been used for
the presented simulated data. The governing equations
are discretized using the finite volume method (FVM)
and iteratively solved using a coupled algorithm, which
solves momentum and pressure-based continuity equa-
tion together. Second order schemes have been used for
spatial discretization of the momentum and pressure
equations and first order accurate schemes for the tur-
bulence model equations with the convergence crite-
rion for all the variables has been specified to be 107°.

The equations used for post-processing are shown as
follows:

1. The heat recovery efficiency is measured as [48]

. — Tfresh,out - 7;‘resh,irz ©)

Troom,in - Troom,aut

Here, Tegnin and Tpesp our are the temperatures at
the corresponding inlet and outlet of the incoming
fresh air, respectively. Similarly, Tyoom,in and Troom,in
are the temperatures at the inlet and outlet of the out-
going room air. It should be noted that the efficiency
refers only to the sensible heat exchange between the
two fluids, without considering the energy consump-
tion by the driving fan.

2. Ap is obtained by comparing the pressure at the inlet
and outlet. Ap on the shell side is calculated using
(10) where Pfieqp, i is the pressure at the fresh air inlet
and Pegn,ous is the pressure at fresh air outlet pres-
sure at the end of the simulation.

Ap = Ppiesnin — Preshout (10)
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3. Heat transfer rate Q on the shell side is calculated
as [22]

Q = ’/hcp(rfresh,out - Tﬁ’esh,in) (11)

Here, 71 and ¢, are the mass flow rate and the corre-
sponding specific heat, respectively. The overall heat
transfer coefficient U is

Q

== (12)
AATim
AT — ATy
h ATiM=——"—"—
Where M = AT /ATY) (13)
with AT, = Thot,in - Tcald,out (14)
and AT, = Thot,out - Tcold,in (15)

Here A; is the heat transfer surface defined as the
total outer surface of the tubes and ATy is the log
mean temperature difference.

4. Average velocity ugy,,s on the shell side [20]
1%
=— 16
Uavg,s A, ( )

A, =05(1— Der BD; | 1 — o (17)
Ds,in ’ S

Here, V, A,, D, S, and ds o are the volume flow
rate, characteristic cross flow area, center tube
outer diameter, tube pitch, and tube outer diameter
respectively.

5. Reynolds number (Re) and Nusselt number (Nu) are
defined as [20]

_ Z'iavg,s('it,o
Vv

Re (18)

 Ud,,

Ni
“=73

(19)
where v and / are the characteristic kinematic viscos-
ity and thermal conductivity of the fluid respectively.
6. Effective fluid path length Lg is calculated as [49]
Ly 5 2
L%ﬁ = E (T[Ds,in +B ) (20)
where Ly is defined as the length that is covered by

the continuous helical baffles. Dy ;, and B are the shell
inner diameter and baftle pitch respectively.
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3 Results and discussion

Within this section, the result of the current investiga-
tions are presented. First, we report the outcome of the
grid independence study. The results of the parameter
study for the smaller geometry with 647 tubes made
of unfilled high-density polyethylene (HDPE) are dis-
cussed first and the results for the second geometry
with 1224 tubes made of composite material LNPTM
KONDUITT™QX11315 [50] are presented and dis-
cussed afterwards. OX11315 is a compound based on
polyphenylene sulfide (PPS) resin containing mineral for
improved thermal conductivity. In Table 3, the thermo-
physical properties of the considered materials pertain-
ing to the simulations are listed.

3.1 Grid independence study
To obtain a grid independent solution, a Grid Conver-
gence Index (GCI) study has been performed using the
five-step method [51]. For completeness, the steps are
summarized as follows:

(i) Define representative cell size, for a structured grid

as
1
h= [AxmmcAynmxAzmmc]g (21)
and for an unstructured mesh
N 1/3
Vi
h — [Zl—l i (22)
N

where V; corresponds to the volume of each cell
contained inside the domain and N is the total
number of the control volumes.

(ii) Select 3 significantly different grids with a grid
refinement factor of r = % > 1.3 and run the

simulations for the variable of interest, e.g., ®

(iii) Let hy < hy < h3 and ry; = %,732 = %, deter-
mine the order of convergence p as
[ : } {l ’%_CD?’ + (p)} (23)
= n
P= LG B — | 1
oy
qa(p) = In <21 (24)
r3 =
1 Dy — P
s=lsgn| ——
O (25)

(iv) Since g(P) = 0 for a constant grid refinement fac-
tor r, i.e. ry) =r3y =r, the above equation for
order of convergence P simplifies to
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-

|[olr=s:
In
In(r)

Dy — D

} (26)

(v) Calculate the extrapolated value from equations

rhid— @ rhydy — @
A ) 2 d @32 — 13272 3
ext ‘rgl_l‘ an ext ‘7‘%’2_1{ (27)

(vi) Obtain the relative and the extrapolated error esti-
mates for the observed order p as

4)21

ext

<I>21

ext

dy

o _ |21 =P
a o

(28)

(vii) Leading to the fine Grid Convergence Index (GCI):

Fy.e2! Fy.e3?
G = 4 and Ger = P (29)
21 1 r§2 -1

where F; = 1.25 for comparison over three or
more grids. For further details, we refer the readers
to [51, 52].

Due to the complexity of geometry, the mesh has
been generated using ICEM CED. For all the gener-
ated meshes, identical configuration settings have been
applied on both geometries. For both geometries, the
generated mesh has the same near wall mesh resolution
and adhered to the same mesh quality criterion required
by FLUENT. In this section, we only present the GCI
study for the tube bundle heat exchanger with a shell
inner diameter of 223 mm and 1224 tubes. The geome-
try with the smaller shell inner diameter of 117 mm and
647 tubes with no baffle has approximately 25 million
cells. That with 1- and 2-turn continuous helical baffles
has approximately 30 million cells. For the GCI study
for the geometry with 1224 tubes and 1— turn continu-
ous helical baffle, three grids have been used with 34.59,
64.24, and 106.74 million cells respectively. After reach-
ing steady state in the simulation, velocity u, tempera-
ture T, and pressure p are probed from at a point located
inside the shell side of the heat exchanger. The obser-
vations are summarized in Table 2. For all the three
variables, an asymptotic convergence (i.e., % ~ 1)
is observed. Yet, the obtained order of accuracy p is
observed to be higher than 2 the formal order of accu-
racy [52]. Nevertheless, p is within the acceptable range
of 0 < p < 8 [53] and the normalized relative error cal-
culated by (28) for T and p is also less than 2% for both
the intermediate and coarse mesh. Based on [54], the
convergence ratio R = 95-92 jndicates monotonic con-
vergence (0 < R < 1) for T and p, whereas u exhibits
oscillatory convergence. The run time for the interme-
diate and finest mesh is approximately two and three
times higher compared to the coarsest mesh. Based on
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Table 2 Outcome of GCl for T, p, and u

T p u

o1 285012 120811 0.723068
> 285.387 12.1997 0.75902
o3 286.427 12.3609 0693479
p 5.8271 1.68 3.2936

21 284.8131 11.7509 06794
e2l 0.13% 0.98% 497%
e32 0.38% 132% 8.63%
e 0.069% 281% 6.43%
GC2T 0.1% 4.1% 541%
GCI*? 0.3% 5.1% 12.26%

GC?2 0.9987 0.9903 09527
PGC2
R 03456 0.7357 —0.5485

the accuracy and calculation run time, the mesh with
about 34.59 million cells has been chosen. Based on the
presented results, this mesh is considered to be suitable
for delivering mesh independent results which are pre-
sented in the following sections. Figure 2 summarizes
the outcome of GCI along with the extrapolated value
using Richardson extrapolation.

3.2 GeometryA:Ds = 175mm
The thermophysical properties of HDPE along with the
boundary conditions for the simulation are compiled
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in the second row of Tables 3 and 4. In this section, the
room-side air temperature is fixed at 293.15 K.

Figure 3 shows the heat recovery efficiency and the pres-
sure loss for different numbers of tubes and baffle turns
for an outside temperature of 270.15 K and a volume flow
rate of 25 m?/h. As is apparent from Fig. 3a, increasing
the number of tubes translates into increased heat trans-
fer due to a large effective heat transfer area. In our study
without any baffle, the heat recovery efficiency increases
from around 66% to more than 80%, by about doubling
the number of tubes. Figure 3b shows, however, that a
higher number of tubes results in a higher pressure loss
penalty on the shell side. This is due to a smaller effective
cross-section area for fluid flow on the shell side. Without
baffles, the pressure loss Ap is not that prominent. Intro-
ducing a baffle with a single turn results in a considerable
increase in heat recovery efficiency. Yet, as can be seen in
Fig. 3a, an additional turn of the baffle hardly affects the
heat recovery efficiency. Only for the case of 410 tubes, a
minor improvement can be accomplished. The pressure
loss on the other hand dramatically increases with the
second turn of the baftle. While it grows from about 6 Pa
without a baffle to around 27 Pa with a single turn baffle,
it increases by more than a factor of 6 to around 162 Pa by
introducing a second turn of the baffle for the case of 647
tubes; see Fig. 3b. In the following, we focus on the tube
bundle heat exchanger with 647 tubes

The CAD model has been constructed in such a way,
that there is no gap between the baffle and the tubes, as

13
288
.
— = 12}
E 286 / &
| =11
284
" 10 L L
1 1.2 1.4 1 1.2 1.4
Normalized grid spacing Normalized grid spacing
(a) (b)
1
J— "’—_—_\-o
Tvn
£05
3
O L "
1 1.2 1.4

Normalized grid spacing

Fig. 2 Convergence of a temperature, b pressure, and c velocity for considered mesh. The grid spacing is normalized by the spacing of the finest

mesh h. Data is represented using spline to guide the eye
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Table 3 Thermo-physical properties of tube materials

Tube material HDPE 0X11315
Density [kg m™7] 940 1760
Thermal conductivity [W mK™1] 048 35
Specific heat capacity [J kg~ 'K~ 1900 1260
Table 4 Boundary conditions

Tube material Geometry A Geometry B
Wall thickness [mm] 0.6 0.6

Tube length [mm] 290 290

Shell inner diameter [mm] 175 230

Baffle inclination angle 90°,21.89°,11.3° 16.59°

Inlet Mass flow inlet Mass flow inlet
Outlet Pressure outlet Pressure outlet
Outer wall Adiabatic Adiabatic
Room temperature [K] 293.15 293.15
Outside temperature [K] 263.15;273.15; 283.15 243.15; 253.15;
263.15;333.15

well as the baffle and the outer shell, to prevent leakage
and bypass stream on the shell side which potentially
decrease the effective mass flow rate across the tube bun-
dles [23]. This also contributes to the increased efficiency,
which is also consistent with the findings in [14] where
it is reported that under identical conditions, a continu-
ous helical baffle increases overall performance com-
pared to non-continuous helical baffles. The continuous
helical baffle forces the fluid to follow a helical path on
the shell side and the flow passes over the tube bundle in
an inclined cross flow manner. Hence, with a continuous
helical baffle, the heat exchanger operates with cross-
counter flow principle. The velocity fields for the three
cases are shown in Fig. 4. It is evident that the fluid flows

——-317 Tubes

70% —@—410 Tubes
—4—647 Tubes
65%
No Baffle 1 turn 2 turn
Baffle turn

(a)
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along a helical path inside the shell. Furthermore, contin-
uous helical baffles also increase the effective fluid path
and decrease the cross flow area with decreasing baf-
fle pitch. The corresponding values are listed in Table 5.
This reduction of cross flow area contributes to a veloc-
ity increase inside the shell at a constant volume flow
rate. Decreasing the helix angle decreases the cross flow
area and increases the effective fluid path, which results
in increased velocity on the shell side and consequently
increases the convective heat transfer.

Figure 5a shows the heat recovery efficiency as a func-
tion of volume flow rate. The comparison demonstrates
the advantage of continuous helical baftles on the heat
recovery is more prominent for higher V. For all three
considered temperature differences, a change in volume
flow rate has about the same impact on the heat recovery
efficiency as depicted in Fig. 5b.

Pressure loss is one of the most important parameters,
when evaluating the applicability of a heat exchanger, as
it is directly associated with the operating cost in terms
of fan power. From the Ap comparison presented in
Fig. 64, it is evident that the pressure loss increases when
using helical baffles. Increasing the baffle turn from sin-
gle to double, Ap increases by almost a factor of 7 for all
considered V. Figure 6b shows on the other hand that
U increases with V. This leads to the enhanced perfor-
mance in terms of heat recovery. Enhanced efficiency on
the shell side is attributed to the introduction of helical
baffles, which increase the effective fluid path, as well
as the fluid velocity due to the reduction of the effective
cross flow area.

Figure 6¢ shows a comparison between the 3 consid-
ered cases for heat transfer coefficient per unit pressure
drop. Also in terms of U /Ap a baffle with 1 baffle with
1-turn performs better than their corresponding 2-turn
counterparts for all the considered V. The system with-
out baffles has the lowest Ap, but also performs worst

200
150 |
=
B 400+
gr —=—317 Tubes
—@—410 Tubes
50 —4—647 Tubes
0
No Baffle 1 turn 2 turn
Baffle turn

(b)

Fig. 3 Comparison of a heat recovery efficiency € and b pressure loss Ap for 317,410, and 647 tubes with and without continuous helical baffles.

Tout = 270.15K, Troom = 293.15K,andV = 25 m3/h
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(d)
Fig. 4 Velocity field on the shell side: a no baffle, b 1-turn baffle, ¢ 2-turn baffle, and d streamlines at AT = 10K and V =30m3h

in terms of heat recovery efficiency. On the other hand,
the system with 2-turn baffles has the lowest heat trans-
fer coeflicient per unit pressure drop. However, efficiency
gain is not that significant as shown in Fig. 5a.

From the discussion above, it can be summarized that
the continuous helical baftles forces the fluid to follow a
helical path, which helps to reduce dead zones, and as the
fluid passes the tube bundle in an inclined way, it helps to

—8-AT = 30 K T, = 263.15K
—@-AT =20 K Tpy = 273.15K
AT =10 K Ty = 283.15K

90%
w
85%
80%
10 20 30 40
V. [m?/h]
(b)

Fig. 5 Comparison of heat recovery efficiency € a with and without continuous helical baffles for different V and AT = 10K and b as a function of V
for the case of a single turn baffle. Both fresh and room air inlets have identical V
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Fig. 6 Impact of the baffle turns and flow rate ona Ap, b U, cU/Ap,and d Nu at AT = 10K

reduce flow induced vibrations [22]. It also increases the
effective fluid path and contracts the effective cross flow
area, which in turn increases the convective heat transfer
[14]. However, enhanced performance in terms of heat
recovery efficiency comes at a cost of higher pressure
loss. For the considered geometry with continuous baf-
fles of more than a single turn, pressure loss drastically
increased, while the efficiency gain is not significant.

3.3 GeometryB:Ds = 230 mm

As shown, increasing the tube count and introducing
continuous helical baffles improve heat recovery effi-
ciency significantly at the expense of a minor pressure
loss penalty. Increasing the baffle turn from 1 to 2 by
reducing the baffle pitch, however, has shown no sig-
nificant improvement. Instead, it increases the pressure
loss dramatically on the shell side. Yet, increasing the
total number of co-rotating baffles may help homog-
enizing temperature and velocity distributions inside
the shell and at the outlet. With these considerations,
we now study the impact of the number of baffles, each
having a single turn. From here onward, we present the
data for a geometry with shell inner diameter Ds = 230
mm, with 1224 tubes of 290 mm length and with 3, 4,

and 12 single turn continuous helical baffles. Figure 7
shows the considered configuration with 12 baffles.

In comparison to HDPE, the composite material
0X11315 performs better in terms of heat recovery effi-
ciency for identical boundary conditions on the modi-
fied geometry. The observed heat recovery efficiency
is around 79% for HDPE and 81% for OX11315. Indoor
and outdoor temperature has been fixed at 293.15 K and
263.15 K respectively with V' = 40 m3/h.

Variation trends of temperature distribution at the out-
let of incoming fresh air on the room side are shown in
Fig. 8. From the contour plots at the outlet, it is evident
that increasing number of individual helical baffles on the
shell side helps to obtain a more homogeneous tempera-
ture distribution.

As shown in Fig. 9, introducing continuous helical baf-
fles increases the pressure drop on the shell side. Yet,
increasing the number of co-rotating baffles from 2 to 12
results in enhanced Ap from about 10 Pa to about, 49 Pa
which is still well bellow the prescribed value of 250 Pa
for the considered case. However, there is no consider-
able improvement in terms of heat recovery efficiency,
which is about 78% for the data presented in Fig. 9.

The flow field development on the shell side is shown
for the case of 12 baffles in Fig. 10a. The air enters the
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Fig. 7 12 continuous co-rotating helical baffle (Geometry B)

domain through the inlet and passes through the grooves
between the baffles in a helical manner. The streamline
colors indicate the absolute velocity. In Fig. 10b, the veloc-
ity contours at the outlet shows a homogeneous velocity
distribution. As the fluid follows a helical path inside the
shell, there exist neither any stagnation zone nor the flow
experience any localized re-circulation and/or stagnation
near the shell inner wall. Therefore, the velocity distribu-
tion is smooth inside the shell, and as there is no abrupt
change in the flow direction, dead zone simple does not
occur. Consequently, this helps to reduce pressure drop
on the shell side and the flow is guided smoothly by the
baffles. This is consistent with previous works, where it is
shown that the flow inside the shell is smooth compared
to conventional segmental baffles [13, 20]. As the helix
ends before the flow reaches the outlet, the flow passes
through a straight section and the velocity magnitude
increases due to contraction.

Figure 11 visualizes the flow-rate dependent impact of
different outdoor temperatures on the heat recovery effi-
ciency and pressure drop. The heat recovery efficiency
declines with the volume flow rate, similar to the other
geometry with 647 tubes, as can be seen in Fig. 5b. The
considered system performs with a heat recovery effi-
ciency of more than 75% for outside temperatures as low
as of 243.15 K. Figure 11 exhibits another interesting
phenomenon in terms of heat recovery efficiency for cold
and hot outside air temperatures: If the incoming air is
hotter than room, the measured efficiency is higher than
the opposite case. For the same temperature difference
of 40 K, the efficiency is about 90% if the incoming air

Uy
gyt
L
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is hotter, while the heat recovery efficiency is about 85%
for low outer temperature. For further analysis, we per-
formed two additional simulations at a flow rate V = 40
m3/h, reversing the temperature differences: While the
outer temperature was fixed at 293.15 K, the room tem-
perature is considered to be at 253.15 K in the first case
and 333.15 K in the second case. In the first case, the air
cools down to 255.3 K, i.e., the heat recovery efficiency
increases to 94.7%, while the efficiency is about 89% in
the second case. In the first case, we observe an efficiency
increase from about 79% to 94.7% and for the second case
slight decrease from 91% to 89%. This again complements
the continuous helical baffle design for heat recovery effi-
ciency. The heat capacity rate of the coldest air at 253.15
K is 0.0156 Jkg™'K~1, air at 293.15 K is 0.0135 Jkg 'K~!
and the warmest air at 333.15 K is 0.0119 Jkg~'K~.. The
reason for the difference in efficiency is that the fluid
with the smallest heat capacity rate experiences the larger
temperature change, i.e., the rate of heat transfer needed
to change the temperature of the fluid stream by 1K as it
flows through a heat exchanger. The air at 333.15 K expe-
riences the largest temperature change and therefore the
heat recovery efficiency is higher in comparison to the air
at 253.15 K for the same AT = 40 K.

The heat transfer rate Q and overall heat transfer coef-
ficient U are the important parameters for the evaluation
of a heat exchanger. In Fig. 12, the impact of V on both
parameters are presented. Heat transfer rate increases
with volume flow rate, as shown in Fig. 12a. This can be
traced back to the fact that the thermal boundary layer
decreases with increased volume flow rate and increases
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Fig. 8 Temperature distribution of fresh air at the outlet fora 2, b 3, ¢ 4, and d 12 baffles
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Fig. 9 Efficiency € and pressure loss AP vs number of baffles.
Introduction of additional co-rotating baffles on the shell side does

not have any detrimental impact in terms of AP. Comparison is done
forV = 40m3/hand AT = 50K

the overall heat transfer. As such, higher flow rates result
in a higher overall heat transfer coefficient, as shown in
Figs. 6b and 12b.

In this section, we investigate the thermal-hydrau-
lic performance of a tube bundle heat exchanger with
12 continuous helical baffles. The original geometry is
modified by increasing the inner diameter of the shell to
accommodate additional tubes, which positively impacts
performance by increasing the effective heat exchange
area. The outcome of the study clearly showcases the
benefit of introducing continuous helical baffles, as it
increases the heat recovery efficiency to above 80% for a
large temperature spectrum relevant to ventilation sys-
tem while keeping the pressure loss within the prescribed
maximum of 250 Pa. Furthermore, increasing the baffle
count from 2 to 12 helps to homogenize the temperature
and velocity distribution at the outlet without having a
negative impact on the shell side pressure loss.
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Fig. 10 aVelocity streamline of a 12 baffle model and b velocity contour at the outlet for outside air for AT = 40K and V = 30 m%h
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Fig. 11 aEfficiency € and b pressure drop Ap as a function of volume flow rate. Room temperature is kept fixed at 20°C (293.15K)
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Fig. 12 a Heat transfer rate O and b overall heat transfer coefficient U as a function of V

4 Conclusion Continuous helical baffles increase the effective flow
The numerical study examines the suitability of a com-  path and force the flow to follow a helical path. Due
pact tube bundle heat exchanger made of compos- to an increase in velocity, resulting from a decreasing
ite material to be integrated into an air handling unit. cross flow area, the convective heat transfer rate rises.
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The baffles serve as support for the tube bundle with a
smooth flow path and thus help to eliminate potential
dead zones. The system performs best with a single turn
and introducing a second turn does not have a positive
impact on the heat recovery efficiency. Introducing mul-
tiple co-rotating helical baffles yields a more homogene-
ous temperature distribution at the outlet and at the same
time serves as increased support for the tube bundle. The
study shows that the system can deliver heat recovery
efficiency beyond 80% for a wide range of outdoor tem-
peratures, i.e., between 243.15 K and 333.15 K. Low pres-
sure loss at maximum volume flow rate of 40m3/h with
increased heat recovery efficiency makes it a viable can-
didate for an energy efficient heat exchanger solution for
integration into ventilation systems.

5 Nomenclature

AHU  Air handling units

EU European Union

CAD  Computer-aided design
RANS Reynolds Averaged Navier-Stokes
GCI  Grid Convergence Index

B Baffle pitch

Dy Shell inner diameter

D, Center tube diameter

tio Tube outer diameter

€ Heat recovery efficiency

Q Heat transfer rate

u Overall heat transfer coefficient
m Mass flow rate

cp Specific heat

1% Volume flow rate

A, Charecteristic cross flow area
Leg Effective fluid path length

P Order of convergence

P Variable of interest

T Temperature

p Pressure

E Energy

uj Velocity

Re Reynolds number

Nu Nusselt number
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