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Abstract

This paper presents thermal-hydraulic analyses of finned cross flow heat exchangers working in media flow
maldistribution conditions. The authors postulate a possibility of performing such analyses through the use
of CFD models of recurrent segments of the heat exchangers. Media inflow to each recurrent segment may be
individually defined and thus the flow maldistribution in the whole heat exchanger could be considered. The
methodology of creating these models, running calculations and results of very initial experimental validation

is presented in the paper.
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1. Introduction

Typical thermodynamic analysis of a heat ex-
changer is performed using some simplifying as-
sumptions [1]. One of them is uniform flow of me-
dia through the device. However, this assumption is
rarely fulfilled in reality and the influence of a non-
uniform flow of media could be significant for heat
exchanger performance.

The problem of media flow maldistribution in heat
exchangers is far from new. It has been the subject of
repeated investigations for many years. Results, es-
pecially taken from older works, are sometimes very
unambiguous.

The first investigations referring to heat exchang-
ers with media flow maldistribuiton were performed
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at the Institute of Thermal Technology of the Sile-
sian University of Technology (ITT SUT) in respect
of gaseous media and they were only computational
in form [2]. Investigations of the gas-liquid type
cross-flow heat exchanger have been conducted at
the ITT SUT for a few years now with a view to
evaluating the influence of a non-uniform gas inlet
on exchanger functioning [3]. The range and form of
air inflow non-uniformity were determined on a spe-
cial test station—see Fig. 1. The configuration of
the test station measuring system enables determi-
nation of the air velocity and temperature distribu-
tion at the heat exchanger inlet and outlet. This test
station, in its original arrangement, only allowed for
’cold” experiments—meaning without presence of
a hot medium. The influence of the measured non-
uniformity was assessed through numerical simula-
tions performed by the HEWES computer code—
developed for thermal analyses of the considered
heat exchanger. R. Piatek in his work [3] concludes
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Figure 1: Test station—the air supply module (1—support
plate, 2—heat exchanger, 3—thermoanemometric sensor, 4—
measuring probe, 5—diffuser, 6—channel, 7—control com-
puter, 8—fan)

that the maldistribution of the air inlet to the investi-
gated car cooler may significantly impact the effec-
tiveness of the heat exchanger.

Much of the research into the problem of non-
uniform flow of media has been done only numer-
ically. Authors of [4] simulated the plate fin heat
exchanger using the finite elements method and dis-
covered that the influence of non-uniformity of the
liquid flow may be significant in some work regimes.
A very significant drop in heat exchanger efficiency
was also observed by the authors of [5]. Opposite
results were obtained by the authors of [6] and [7].
Numerical simulations performed for a rotary heat
exchanger in the first work and optimization proce-
dure presented in the second one did not show sig-
nificant dependence on flow non-uniformity of the
agents. A common feature of works [5-7] is that the
form and scope of the flow maldistribution were de-
fined by the researchers.

Experimental analyses considering maldistribu-
tions of the agents flow through the heat exchang-
ers and dealing with thermodynamic effects are rare.
A Mueller in [8] concludes about the major signif-
icance of flow maldistributions for heat exchanger
performance. Based on a study of gross flow mald-
istribution in an experimental electrical heater, the
paper [9] presents the effect of flow non-uniformity
on the performance of heat exchangers. The orig-
inal fluid distribution is applied to heat exchang-
ers (condensers, counterflow and cross-flow heat ex-

changers) and it is shown that gross flow maldis-
tribution leads to a loss of effectiveness of about
7% for condensers and counterflow heat exchang-
ers, and up to 25% for cross-flow exchangers. Sim-
ilar effects observed by the authors of [10] indicate
that non-uniformity affects the efficiency of heat ex-
changers to a large extent. Berryman and Russell
studied flow maldistribution across tube bundles in
air-cooled heat exchangers [11]. Their experimen-
tal results detected thermal degradation of up to 4%,
which is much less than in previously cited works.
The authors of [12] concluded about minor—up to
5% —eftects of this phenomenon as well.

Very complex research was performed by teams
from the Indian Institute of Technology—Madras
and Lund University of Technology. These works
concern plate-type heat exchangers. The numerical
model of a one-pass plate heat exchanger was elabo-
rated first for hydraulic analyses of flow maldistribu-
tion impact [13] and next it was arranged for multi-
pass units [14]. An experimental investigation was
also carried out to find the flow and pressure dif-
ference across the port to channel in plate heat ex-
changers [15]. More recently this research team did
a thermal analysis too. The single-blow transient
test technique based on the axial dispersion model
was proposed for the determination of both the heat
transfer coefficient and axial dispersion coefficient
in plate heat exchangers. The experimental analysis
presented in [16] deals with the effect of flow maldis-
tribution on the transient temperature response for U-
type plate heat exchangers. The experiments are car-
ried out with uniform and non-uniform flow distribu-
tions for various flow rates and two different numbers
of plates.

This literature review of the selected positions
shows, as mentioned earlier, that the problem of non-
uniform fluid inflow to the heat exchangers has been
the subject of many computational and experimental
investigations over the years, but the results obtained
are unambiguous in terms of thermal performance.
Many investigations are limited to hydraulic analysis
only and they deal with liquid-liquid type heat ex-
changers. Most researchers are consistent in finding
that non-uniformity of the flow significantly affects
the hydraulic efficiency of heat exchangers. Ther-
mal analyses refer first of all to heat exchanger ef-
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Figure 2: Test station—the hot water supply module (mod-
ule (1—electric heater, 2—cut-out valve, 3—manometer, 4—
control valve, 5—-heat exchanger, 6—temperature measuring
system, 7—flow meter, 8—pump)

fectiveness, but they are not very numerous. There
is a lack of complete investigations into finned cross-
flow heat exchangers of the gas-liquid type with un-
equal inflow of the agents, especially of unequal in-
flow of gas. The detriment to heat exchanger effi-
ciency could be significant (up to 18% according to
results of numerical and experimental investigations
in the ITT SUT). Therefore, in some particular analy-
ses the non-uniformity of media flow should be taken
into account.

2. Numerical model

2.1. Motivation

The first numerical model of a cross-flow finned
heat exchanger considering media flow maldistri-
bution was elaborated at ITT SUT some ten years
ago [3]. This simplified model assumes division of
a real device on recurrent elements and is based on
the finite differences method. The model was next
implemented into HEWES fast running computer
code [3]. Experimental validation of this code be-
comes possible after some modifications of the test
station, as mentioned earlier. The hot water supply
module was installed—see Fig. 2—and the analyses
done showed some important discrepancies between
the experimental and numerical results [17].

One possible reason for this situation are the sim-
plifications in geometry of the numerical model.
This problem can be solved by applying CFD mod-
eling methodology.

Figure 3: View of the analyzed heat exchanger

2.2. Basic assumptions

Building a CFD model of the whole finned heat
exchanger is very time-consuming and the model
would need very powerful computer to run it. Hence
the authors postulate a possibility of using simpli-
fied 3D models of recurrent segments of the heat ex-
changer in order to consider the non-uniform flow
of media and simulate the work of the whole de-
vice. The approach assuming division of the heat ex-
changer into recurrent elements is not new—a sim-
ilar solution was used in [3]. D. Taler and his co-
workers also used this approach [18, 19] and received
very good agreement of the numerical and analytical
solution, but media flow maldistribution was not con-
sidered. The difference is that a CFD model is able
to reproduce the real geometry.

A very important issue when creating the numeri-
cal model is division of a real heat exchanger into re-
current segments. This process should be dependent
on the heat exchanger construction. In the analyzed
case the possibility of utilizing experimental data for
model validation was also taken into account.

The analyzed heat exchanger takes the form of
a fin and tube cross flow air water cooler and is
presented in Fig. 3, similar design was considered
in [20]. Its core is built of one row of elliptical
pipes. The area of the air inflow is 490 mm wide
and 280 mm high. Each of the 10 pipes is finned
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Figure 4: Geometry of the recurrent section of analyzed heat
exchanger

with 175 flat rectangular fins spaced every 2.8 mm.

It was decided that a recurrent segment of the de-
scribed heat exchanger should consist of a section of
elliptical pipe with twelve fins. The geometry of the
recurrent section is shown in Fig. 4.

The fin section in the model is surrounded by an
air volume. The dimensions of the air volume are de-
termined by the measuring system arrangement. The
inlet plane is 40 mm ahead of the fin section, and
the outlet plane is 19 mm behind it. These planes
are located in the same position as the plane of ther-
moanemometric shifting. This makes it possible to
use experimental data as the boundary conditions and
for validation too. The water volume inside the pipe
section is also simulated. The numerical mesh of this
recurrent segment is unstructural and numbers nearly
920,000 T-Grid cells.

A set of basic governing equations was added
to this numerical mesh to complete the numerical
model. This set includes:

e Energy balance equation

Continuity equation (mass balance)

Momentum equation

Equations of state (for determining thermophys-
ical properties of media)

Turbulence model

Figure 5: Geometry of the numerical model of water volume in
the analyzed heat exchanger

The velocity inlet boundary condition was assigned
to the air inlet plane. This makes it possible to use
experimental data and take into account air inflow
maldistribution. The mass flow inlet condition was
set for water inflow. Both air and water outlets were
set as the “outflow” boundary conditions. From pre-
vious experience (works [3] and [18]) the side walls
of the model were treated as symmetry planes. One
of the basic assumptions here is that the recurrent
section has negligible flow interactions with neigh-
boring sections and hence may be treated as a sepa-
rate flowing channel.

Initial simulations performed for the described nu-
merical model informed the choice of turbulence
model. The standard kK — € model was checked as
well as the Reynolds Stress Model. The former was
chosen as it gave physically correct and satisfactory
results in a reasonable time.

2.3. Water flow maldistribution

Non-uniform water flow is another problem in the
heat exchangers under consideration. Unfortunately,
the form and scope of this non-uniformity cannot
be determined experimentally in the present arrange-
ment of the test station. Therefore an additional CFD
model of the water volume for the heat exchanger
was elaborated. The geometry of that model is shown
in Fig. 5. It consists of inlet and outlet water headers
and ten elliptical pipes. The model is used mostly for
hydraulic simulations and the aim is to determine the
mass flow rates of water in each pipe.
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Figure 6: The air inlet velocity distribution for the maximum
air flow rate, m/s

The numerical mesh consists of about
980,000 cells. Testing computations realized in
the first step showed that both the k — £ and RSM
turbulence models seem to be appropriate for this
case. As for the recurrent segment model, as here
the k — &£ model was chosen.

3. Results of simulations

3.1. Analyzed cases and boundary conditions

Two experiments were simulated using the above
described numerical models. The experiments were
realized at the maximum inlet temperature of water
set at 90°C and maximum water flow rate—about
26 liters per minute. The first measurement was
taken at the maximum air flow rate and the second
one at the minimum air flow rate.

The most important experimental result is the air
inlet velocity distribution. It was measured by the
thermoanemometric sensor in 180 points located on
the inlet plane. The dimensions of the sensor shift-
ing area are slightly smaller than the dimensions of
the air inflow area. This is due to a risk of damage to
the sensor caused by its collision with inlet diffuser
walls. Thus, the experimental results were extrapo-
lated in order to obtain the air velocity field for the
whole area. This velocity distribution stands as the
velocity inlet boundary condition attained to the nu-
merical model. Fig. 6 presents the air inlet velocity
field for the first experiment (with maximum air flow
rate). This velocity field is presented for 140 recur-
rent segments creating the whole analyzed heat ex-
changer, so the numbers on the vertical axis are the

Table 1: Results of measurements

Parameter Measurement Measurement
1 2
V,, m3h 6100 3650
Vi, 26.0 26.2
dm?/min
tyin, °C 26.0 26.3
tyour, CC 34.3 37.6
twin, OC 881 898
twours C 79.4 82.3
0,, kW 16.83 13.93
0,, kW 15.46 13.33

numbers of pipes and on the horizontal axis the la-
bels mean the number of segments on a pipe.

It can be clearly observed that the air inflow is non-
uniform, and the maximum recorded velocity is al-
most four times higher than the minimum one.

Important data in the form of the total heat transfer
rates for the heat exchanger were given by the exper-
iments. This parameter could be calculated as the air
enthalpy increase:

Qa = VaPan (taout - tain) (1)

where: V,—volumetric air flow rate, p,—density
of the air, c,—specific heat capacity at constant pres-
sure, ,n, 1, ou—air temperature at the inlet and outlet
respectively.

These temperatures are calculated as the area
weighted average values for the inlet and outlet
planes. However, there is a problem: the volumet-
ric air flow rate is determined at the end of rectan-
gular flow channel and there are some leaks of air
before the heat exchanger (mostly through the mea-
suring probe shifting hole). Therefore it is better to
compute the total heat transfer rate as the water en-
thalpy drop:

QW = prwcpw (twin - twout) (2)

where: V,—volumetric water flow rate, p,—
density of water, c,,—specific heat capacity at con-
stant pressure, t,, ..t o—Wwater inlet and outlet tem-
peratures.

—299 —



Journal of Power Technologies 93 (5) (2013) 295-302

1.65e+00
1.56e+00
1.48e+00
1.40e+00
1.32e+00
1.24e+00
1.15e+00
1.07e+00
9.68e-01

9.06e-01

- 8.24e-01
7.41e-01

6.59e-01

5.77e-01
4.94e-01

Figure 7: Water velocity distribution in the analyzed heat ex-

changer

4.12e-01
3.29e-01
247e-01
1.65e-01
8.24e-02
0.00e+00

Table 2: Water distribution among the pipes (in kg/s)

Pipe No Measurement 1 Measurement 2

1 0.0459 0.0462
2 0.0478 0.0481
3 0.0468 0.0471
4 0.0449 0.0452
5 0.0431 0.0434
6 0.0412 0.0415
7 0.0393 0.0396
8 0.034 0.0386
9 0.0365 0.0368
10 0.0375 0.0377
Total 0.4214 0.4242

The above mentioned parameters were calculated
for both measuring series and the results are set out
in Table 1.

Water flow distribution among the pipes was de-
termined by using the hydraulic model of the heat
exchanger under consideration. Fig. 7 presents wa-
ter velocity fields in three planes crossing the model
in symmetry axes of the elliptical pipes and the inlet
and outlet nozzles. It can be seen that water distri-
bution is non-uniform and slightly more water flows
through the upper pipes, as expected due to the loca-
tion of the inlet nozzle.

Mass flow rates of water flowing in each pipe were
computed according to the numerical results and are
presented in Table 2. The relative difference between

3.63e+02
3.60e+02
3.56e+02
3.53e+02
3.50e+02
3.46e+02
3.43e+02
3.40e+02
3.36e+02
3.33e+02
3.30e+02

- 3.26e+02
- 3.23e+02
3.19e+02
3.16e+02

- 3.13e+02
3.09e+02
3.06e+02
3.03e+02
2.99e+02
2.96e+02

Figure 8: Air and water temperature distributions in the middle
of the fins section and the air outlet temperature, K

the maximum and minimum mass flow rates in the
pipe exceeded 30%.

The mass flow rates of water given in Table 2 were
put into the numerical model of the recurrent seg-
ment as the boundary conditions for water.

3.2. Selected results of simulations

The main parameter of interest is the total heat
transfer rate. It was assumed that if the model is
able to predict heat exchanger performance in non-
uniform media flow conditions, it would also be
able to predict the performance of the same heat ex-
changer with uniform flow of agents. This will open
up the possibility of assessing the deterioration in ef-
ficiency. The total heat transfer rate is the sum of heat
transfer rates for individual recurrent segments. This
parameter was calculated for both analyzed cases and
is presented in Table 3. One can perform a very pre-
liminary validation of the model by comparing the
experimental and numerical heat transfer rates.

The CFD analysis produces many interesting re-
sults, such as the temperature distributions (see
Fig. 8), but in order to extend the validation process
the following parameters were also compared:

e Average air outlet temperature
e Distribution of the air outlet temperature

e Average water outlet temperature
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Table 3: Results of simulations

Parameter Case 1l Case 2
0. kW 1546 13.33
O, num> KW 14.86 12.49
0g, % 3.9 6.3
taoutexs C 34.3 37.6
taoulnum, OC 32-9 35.9
6taum9 % 4.1 4.5
tyourexs ' C 79.4 82.3
twoutnum’ OC 762 789

5o % 40 41

10
9
6.5
8 s
7.5
7 7
6.5
8
6
5 5.5
5
4 la.5
N
3 35
3
2 25
! |
1 2 3 4 5 L} T 8 9 10 " 12 13 14

Segment number

Pipe number

Figure 9: Distribution of the relative differences for the air out-
let temperature—case 2

The average air outlet temperature was computed as
the arithmetic average for all 140 recurrent segments.
The average outlet temperature for water was calcu-
lated as the mass flow rate average value.

Relative differences were determined for all com-
pared parameters using the following general for-
mula:

6X — Xex - Xnum (3)
XEX

where X,, denotes an experimental value of com-
pared parameter and X,,, a numerical value. The
relative differences are shown in Table 3. Case 1 in
Table 3 refers to measurement 1 and case 2 refers to
measurement 2. Analysis of the results shows that
the numerical values are underestimated. The rel-
ative differences of the total heat transfer rates are
about 5% on average and may be viewed as satisfac-
tory compared with those previously obtained from

the HEWES code (6...11%, see [17]).

The relative differences map for the air outflow
temperature is shown in Fig. 9. Larger differences
appeared in areas where the air inflow rates are lower
and this suggests that turbulent flow may not be fully
developed.

4. Conslusions

The work presents an alternative approach to
thermal-hydraulic analyses of non-uniform flow of
media in finned cross flow heat exchangers. While
the approach may seem a little innovative, build-
ing a numerical model of the whole finned cross
flow heat exchanger under consideration with a fine
enough numerical mesh would mean creating about
130 million cells and is therefore unmanageable on
a typical desktop computer. Dividing the heat ex-
changer into recurrent segments and running se-
quence computations could provide a reasonable so-
lution.

The results of the initial numerical analyses and
validation process confirms the general assumptions
of the model. Further validation of the models is re-
quired as are some improvements in the models (finer
numerical mesh).
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