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THE STUDY OF POLYMERIC HOLLOW FIBER
HEAT EXCHANGERS

I. Astrouski*, M. Raudensky**

Abstract: The polymeric hollow fiber heat exchanger (PHFHE) is a modern type of apparatus which uses
polymeric fibers, with a small diameter around 1 mm, for separation of the heat transfer mediums. The
main goal of this work is to study different factors which affect heat transfer in polymeric hollow fibers
(diameters, length and material of fibers, liquids temperatures and velocities) and to obtain conclusions
concerning hollow fiber application. The values of external, internal as well as overall heat transfer
coefficient, heat transfer rate, number of transfer units (NTUs), efficiency and pressure drops were
obtained for both water-water and water-air applications. The special performed Delphi-based software
was prepared to accelerate the computation process.
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1. Introduction

The first attempts to use polymers as a material for heat exchange equipment started over 40 years ago
because of some benefits in comparing them with conventional metals (Whitley, 1957). Polymers as
common are less expensive and easier to shape, form and machine than metals. Moreover, the energy
required to produce a unit mass of plastics is about 2 times lower than that of common metals, making
them environmentally attractive. The smoothness of the polymer surface begets low friction, hence a
drop in pressure as well as to good fouling characteristics. Long-term fouling data of polymer heat
exchangers is not available, but 76 h test with hard water was performed by Githehens (1965).
Polymers have excellent chemical resistance and moreover, their hydrophobic surface promotes
dropwise instead of filmwise condensation and, consequently, much higher heat transfer coefficients
(Bigg et al., 1989).

In accordance with Malik (2005) most of the commercially available polymer heat exchangers are
being used in a corrosive environment or in low temperature applications (ice storage or solar heating
of domestic hot water and swimming pools). In particular, plastic heat exchangers were also used for
heat recovery in greenhouses (Rousse et al., 2000), in superfluid Stirling refrigerators or 3He-4He
dilution refrigerators (Patel & Brisson, 2000). Lately, an interest in the application of polymeric
materials in solar water heating systems has also emerged (Tsilingiris, 2000). Also a lot of different
fields of plastic heat exchangers application (in the desalination industry, heat recovery, cooling and
cryogenic industry, humidification, solar energy industry, microelectronics and computer industry)
were quoted by Zaheed (2004).

On the other hand, polymer materials thermal conductivity is low, usually between 0.1 and 0.4
W/m-K which is 100-300 times lower than that of metals and considerably limits the use of polymers
for heat exchanges equipment because of big magnitude of wall thermal resistance (Zarkadas & Sirkar,
2004). In order to overcome this deficiency two approaches exist. The first one is to increase thermal
conductivity of material. Excellent review of current state of the art of polymers utilizing was
performed by T’Joen et al. (2008). In this review the material properties of polymers and polymer
matrix composites were examined. It was shown that these materials do hold promise for use in the
construction of heat exchangers, but that a considerable amount of research is still required into
material properties and life-time behavior. The status of worldwide research in the thermal
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conductivity of carbon nanotubes (CNT) and their polymer composites was done by Han & Fina
(2011) as well as Guarded Hot Plate Method of increasing the through-thickness thermal conductivity
of CNT composites was described by Han & Chung (2011). The investigation of finned-tube heat
exchangers produced from pure and modified polypropylene was performed by Chen (2008). For the
heat exchangers designed in that paper, when the plastic thermal conductivity can reach over 15
W/m-K, it can achieve more than 95% of the titanium heat exchanger performance and 84% of the
aluminum or copper heat exchanger performance with the same dimension. Using of increased
conductivity polypropylene was investigated by Qin et al. (2012). Heat-conducting medium was
developed by melt-mixing polypropylene with graphite particles (PP-g-MA). The overall heat transfer
coefficient of graphite modified polypropylene hollow fiber heat exchangers reached 1228.7 W/(m’K)
and the overall conductance per unit volume 1.1-10° W/(m’K).

The second approach to decrease wall thermal resistance is to use thin walls between heat transfer
mediums. The study of different construction thin wall polymeric heat exchangers was done by
Scheffler (2008). Cross-flow plate heat exchangers made of crosscorrugated films of poly(ether ether
ketone) (PEEK) were used to study air-air and water-water flow configurations by Zaheed (2004). The
heat transfer and the hydrodynamic response of microcapillary films (MCFs) within round and
elliptical channels (diameter 30 up to 500 um) were investigated by Hornung et al. (2005). MCFs are a
class of novel, extrusion-processed, polymer films containing an array of continuous, parallel,
capillaries that run along the film’s length. These studies were added by Hallmark et al. (2005).

Polymeric hollow-fiber based heat exchangers (PHFHES) are also a type of thin-wall polymer heat
exchangers, which were firstly proposed by Zarkadas & Sirkar (2004) as a useful alternative for lower
temperature applications. The small devices containing a few hollow PP-based fibers with the liquids
in parallel flow at temperatures up to 74°C were studied. The overall heat transfer coefficients of these
devices were 647-1314 W/m’K for the water-water application. As more, proposed heat exchangers
had very low values of the height of transfer, large numbers of transfer units (NTUs) for so
comparably short devices, high wvalues of heat exchanger effectiveness and overall
conductance/volume rate. However, a number of important questions remained unanswered. Part of
them were answered by Song et al. (2010) which study a lot of different PHFHEs with emphasis of
application for thermal desalination processes and Qin et al. (2012) which study PHFHEs constructed
from the modified thermal conductivity polymers.

2. Theoretical consideration

As usual polymeric hollow fibers and films have internal diameters around 0.05 — 2 mm and can be
classified as the so-called microdevices (Herwig, 2001). The development of micro-mechanics during
the last decades stimulated a great interest in heat transfer studies in micro-channels. A lot of
theoretical and experimental investigations devoted to this problem were performed. There is no
convincing explanation of the difference between experimental and theoretical results for laminar
flow, and between experimental and semi-empirical results for turbulent flow (Yarin et al., 2009). On
the one hand, several researchers argue that some new effects exist in micro-channels, e.g., Tso &
Mahulikar (2000), Gad-el-Hak (2003). On the other hand, the phenomenon can be related to the
discrepancy between the actual conditions of a given experiment and theoretical or numerical solution
obtained in the frame of conventional theory (Herwig 2001; Herwig & Hausner 2003).

Thus, there are some additional factors which possible can influence the heat transfer in
microchannels can be determined in comparing with conventional theory: dissipation effects which
determined by Eckert number (or Brickman number in accordance with Tso & Mahulikar (2000)),
axial conduction which determined by Peclet number, conjugate effects and variable properties effects
(Herwig, 2001). However, in accordance with Song et al. (2010) and Zarkadas & Sirkar (2005), the
axial heat conduction, flow work and viscous dissipation are negligible for laminar flow in polymeric
hollow fibers. Two different methods of determining the temperature profile inside the polymeric
hollow fiber heat exchanger or the inside, outside and wall heat transfer coefficients were proposed.
These methods are a simplified correlation suggested by Hickman and a rigorous solution of the
extended Graetz problem by Hsu (Zarkadas & Sirkar, 2004). The simple relationship to calculate
internal mean Nusselt number of thermal developing region was proposed by Zarkadas & Sirkar
(2005) based on Hickman’s one and incremental heat transfer number calculated by Hsu’s approach.
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2.1. Calculation of fiber heat transfer performance

Firstly, the physical properties of the air and water were calculated based on inlet temperatures of
liquids. The formulas obtained from ThermalSpreadsheets were used for determine the specific heat,
dynamic viscosity, kinematic viscosity, thermal conductivity and density of air:

Cp = 1.22295-1071°T* - 5356211077 T3 +
+8.27169 - 10*T2 — 0.295423 - T + 1032.1 (1)
p= 541836-10715T3 + 2.52496 - 10~1T2 + 5.87333 - 107°T + 2.80339-107°¢ (2)
v = —1.14681-10"1*T3 4+ 8.87916 - 1071172 +

+4.55037 - 1078T + 5.43395 - 1076 3)
0.0316 — 0.0243

k= 50 -t +0.0243 (4)

p = 353.179/T (5)

where t and T are temperatures on a scale of Celsius and Kelvin respectively. The results of
calculations in adequate range were compared and matched with data from Incropera & DeWitt (1996)
so these formulas were chosen for use. The required physical properties of water were taken from the
NIST Chemistry WebBook. The Prandtl and Reynolds numbers were calculated as followed:
Cp' U
pr=-2 6
- (©)
u-D
Re = — (7)

1%
where ¢,, v and u, A are specific heat, kinematic and dynamic viscosities, thermal conductivity
respectively.

The outside and inside diameters of fibers D, and D;, the outside bulk flow velocity u, and
average inside velocity u; were used respectively for calculation of outside (around the fibers) and
inside (lumen) Reynolds numbers. Average inside velocity was calculated as followed:

_ Qe

= (8)
0.25m- N - D;

where Qg and N are volumetric flow rate through the tube (fiber) side and number of fibers

respectively. The outside Nusselt number was calculated in according with Hilbert formula for single

circular tube in cross-flow (Incropera & DeWitt, 1996):

Nu, = C - Re™ - pr0:3333 )
where C and m are constants were determined in accordance with respective value of Reynolds
number (Incropera & DeWitt, 1996). The outside convective heat transfer coefficient was calculated
as:

U;

Nu, -k,
= — 10
(o] DO ( )

where k, is thermal conductivity (W/m'K) of external liquid (water or air with the relevant
temperature).

The inside Nusselt number was calculated in accordance with asymptotic solution for thermal
developing region proposed by Hickman (Song et al., 2010):

L __ b D l<D°> 11
U, D, h, szkvb "\ D, (i
Nu,, = -2 (12)

ki

(48/11) + Nu,,

1+ (59/220)Nu,, (13)

where are k,, = 0.18 W/m'K is thermal conductivity of isotactic polypropylene which quoted by Mark
(1999) in the 0.12 — 0.22 range. Equation (13) yields Nup3 values that fall between 3.66 and 4.364.
The lower limit of this Nusselt number range is the limiting Nusselt number corresponding to the

NuT3 =
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constant wall temperature boundary condition (Nu,, = o) and the upper limit is the limiting Nusselt
number corresponding to the constant heat flux boundary condition (Nu,, = 0) (Song et al., 2010).
This simplified formula doesn’t take into account the influence of developing flow region, but have
enough good accuracy for relatively long ducts (hollow fibers of small diameters, for example). Thus,
the internal heat transfer coefficient was calculated based on internal Nusselt as:
Nursz - k;
l Dl
where k; is tube liquid thermal conductivity. Linear thermal resistance and linear overall heat transfer
coefficient were calculated as followed:

(14)

1 In(b,/D) 1

R=o ", Do on (15)
1
hy =R (16)

Furthermore, to estimate the influence of local thermal resistances on overall one the inside, wall and
outside local to overall resistance ratios (R;/R;, R,,/R; and R,/R;) were calculated:

R;/R, = ———/R, - 100% (17)
D, - ho
In(D,/D;
R, /R, =%/Rl -100% (18)
w
[ — . 0,
R,/R, D hi/Rl 100% (19)

Overall heat transfer coefficient was calculated based on heat transfer area of outside surface of fibers
as:

hy
Upy = D_o (20)

To obtain a thermal performance characteristics and predictions of outlet liquid temperatures the
effectiveness-NTU method was used. Both outside C, and inside C; heat capacity rates of liquids were
calculated as:

C=Cpp-Qy 1)
where Cp, p, Qf are isobaric specific heat, density and volumetric flow rate respectively, and heat
capacity ratio:

C...:
C.r. — min (22)
Cmax
where C,,;;, = minimum(C,, C;) and C,,,, = maximum(C,, C;). The number of transfer units

(NTU) was obtained by the following relationships:
hy, " A
NTU =

(23)

Cmin
where A is a heat transfer area of outside surface of fibers and calculated based on external surface of
fibers:

A=mn-D,-l-N (24)

Because tube liquid flows through a large amount of small diameter fibers we must assume that tube
liquid is unmixed. On the other hand the outside liquid flows without separation and so should be
considered mixed. If the outside flow heat capacity rate value C, was bigger than inside one C; then
effectiveness was calculated as (Incropera & DeWitt, 1996):

1

e = (=) (1 - exp(=C.[1 - exp(-NTD)]D (25)
T

And vice versa, for bigger inside unmixed flow heat capacity rate value C; effectiveness was calculated

as:

¢ =1—exp(=C {1 — exp[-C,(NTU)]}) (26)
The maximum possible and actual heat transfer rate were obtained by
Qmax = Cin * (Ter — Ts1) (27)

Q = & Qmax (28)
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Thus outlet temperatures for inside and outside liquids were calculated as:

Q

T =Ty + o 29)
t
Q

Tor =Tor + C_ (30)
s

Excellent review of laminar fluid flow in micro-channels was done by Hestroni et al. (2004). They
quoted that in case of hydraulic diameters 50-254 um and Re < 500 and in case of hydraulic diameters
620-1067 pm and Re = 500..2600 Poiseuille number is independent from Reynolds number and equal
to 64 for the laminar flow in circular channels. This statement was extended based on investigations of
Maynes & Webb (2002) for all range of calculation. Thus the conventional Poiseuille number was
used to obtain a prediction of pressure drops in tube side (fibers). Pressure drop of tube side liquid was

calculated as
128'.uav'l'th
Ap; = - 31
Pit - Di4 -N ( )

where @y, is a volumetric flow rate through the tube side (fibers), [ is length of fibers, D; is internal
diameter and N is number of fibers. Because of strong dependence of dynamic viscosity of water from
temperature the average value of viscosity along the fiber p,,, was used. This value was obtained as
mean of ten local dynamic viscosity values calculated for local temperatures of sub-regions. The local
temperatures of sub-regions were obtained based on the assumption of linear distribution of
temperatures along the channel and predetermined inlet and outlet temperatures. This assumption is
rough for heat transfer calculation (Herwig & Hauser, 2003) but sufficiently accurate for calculation of
local dynamic viscosity.

3. Results and discussion

As was previously mentioned the calculating program was performed to calculate heat transfer values
and pressure drop of hollow fiber in cross-flow. The work window of calculating program is presented
in Figure 1. The input data include external and internal diameter, length of fibers and height of cross-
section in which they are located, total number of fibers, material of fibers wall, types and
temperatures of liquids inside and outside of fibers, volumetric flow rate for inside liquid and bulk
velocity around the fibers for outside one.

Tube (fiber) input data External air input data

. WX = |
Exemal dm, mm  [5.5 Total number of fibers 500 /7
Internal dn, mm I_DIQ_ | ¥ /’

st S — i 5
widthof &5, m = [{ //O
Height of -5, m ** [o.6 = /
= - Width of cross-section of air (length of fibers), m A s =7
/
&

== - Height of cross-section of air, m
Material of wall i'pp (Polypropylene) =]  Type of liquid [air _._!_
Type of liguid [woter =] nletT,pedC [0 I

Inlet T, Deg C :a] Relative humidity of air, % |1

Volume flaw, {hour (150 Velocity of liquid in €5, m/s [} y
Enthalpy_T = 335.06 Cp_T = 4196.8 ThermaiCi T =067 (T = 3.503E-7 Dy y_T = 0.0000403851 Density T = 971.79
Enthalpy_Sh = 20,4811 Cp_Sh = 2003.9168 ThermalC: _Sh = 0.0258 ¥.5h = L.5247E-5 DynViscosty_Sh = 1.79877€-5

N\

Density_Sh = 1.2048 Wair_sh = 011423 g/kg

Vel t=0.5117 mys Ret=70012  Nuo_T =4.34 HTC_T = 6061 W/mak

VolFlow_Sh = 0.6 m3/sRe_Sh = 525 Nu_Sh =384 HTC_Sh = 124 W/m2K

HTC_Tl = 0.0843 W/m*K  R_sh (%) = 65.1% R_wall (%) =12 % R_E(%)=2.9% HTCov = 105.3 W/m2K
=0.000428 PressDrop_T = 30407 Pa
ThermalConductivity_W = 0.2 C_sh = 7256547 WK Ct=113.2601 W/K Cmax = 7256047 Cmin = 113.2891

Cr=0.1561 A=0.75308208m2 NTU=0.7009 Effect_cress = 04846 Qmax = 6.797 kW Q = 3.2938 kw

Tout_sh = 24.5389 deg C  Tout 1= 50.9255 deg C dTlog = 13.2112 deg C

Caloulate I

Fig. 1: Work window of calculating program
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The output data include the physical properties of liquids, inside tube velocity and outside
volumetric flow rate, Reynolds numbers, Nusselt numbers and heat transfer coefficients for both inside
and outside, linear heat transfer coefficient, overall heat transfer coefficient, local to overall resistance
ratios and pressure drop in tube (fiber) side. The NTU-analysis section has the following output date:
heat capacity rates of both flow, heat capacity ratio, heat transfer area based on external surface of
fibers, NTU, effectiveness, actual rate of heat transfer, inside and outside liquid output temperatures.
The algorithm of calculation and formulas used were described before in Calculation subsection.
Program was used to determine different factors magnitude of the influence on heat transfer by
varying input parameters. Moreover a number of different fibers comparisons were performed.

3.1 Influence of liquid velocity around the fibers

Overall heat transfer coefficient (HTC_Ov, W/m’K), linear heat transfer coefficient (HTC 1, W/m-K)
and heat transfer rate (Q, kW) graphs are presented in the Figure 2 and 3 for both water-water and
water-air applications. The multiply coefficients (for example 1/10, 100, 1000 etc.) were used to
present different magnitude values in same graphs here and further during the article. To determine
outside liquid velocity degree of influence on this parameters it was varied in the range 0.005 — 2 m/s
and 0.005 — 20 m/s respectively for outside water and air. Please take note that the kinks in the graphs
exist because of utilizing non-linear scale on horizontal axis which contains values of external liquid
velocities. Other input conditions were constant and presented in captions of figures. It can be seen
that velocity of cross-flow water around the fibers has no strict influence on heat transfer performance
and even at very low water velocities (0.005 m/s, for example) values of heat transfer coefficient is not
inapplicable small (see Figure 2). This conclusion isn’t true for water-air application (see Figure 3)
because of external wall-air thermal resistance has the main influence on the overall heat transfer rate
and has a strong dependence from velocity of air.

160 440.0

150 400.0

140 360.0

130 —HTC_ovi10, [20.0 —HTC_Ov,
120 Wim2K 280.0 Wim2K
110 —QkW 240.0 W

10 —HTC 14100, 2000 —HTC 1*1000,

90 W/m*K 160.0 W/m*K
80 120.0
70

— 80.0
60 400 —/_/’_//
50 0.0

40
I N ® s
RN ST EE Tt MY
Velocity of water around the fikers, [m/s]

0.005

Velocity of air around the fibers, [m/s]

Fig. 2: Influence of external water velocity. 5400 Fig. 3: Influence of external air velocity. 5400
polypropylene fibers with length 0.6 m and polypropylene fibers with length 0.6 m and
external/internal diameters 0.7/0.56 mm are in external/internal diameters 0.7/0.56 mm are in
water cross-flow. Velocity of water inside is 1 m/s, air cross-flow. Velocity of water inside is 1 m/s,
external/internal inlet temperatures of water are external/internal inlet temperatures of air are
20°/50° C. 20°/50° C.

3.2 Comparison of different diameter of fibers (for constant external surface and constant mass
of fibers)

An amount of fibers which needed to create a 1 m” of heat transfer area was calculated. The external
diameter of fibers was varied in the range 0.1 — 2.0 mm and other conditions were the constant. Please
take note that the internal diameter of fibers was 80% of external one in all calculations described in
this article because it was providing the constant value of wall thermal resistance In(D,/D;)/2k,,
during all calculations except of different conductivity cases. Overall heat transfer coefficient
(HTC_Ow), linear heat transfer coefficient (HTC 1), heat transfer rate (Q), pressure drop and number
of fibers graphs are presented in Figure 4. The working conditions are described in the caption of
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figure. It can be seen from graphs that linear heat transfer coefficient has very small dependence on
diameter and the same length of different diameter fibers has around the same heat transfer possibility.
Big difference in overall heat transfer coefficient is based on big difference in external surface of
different diameter fibers. Other side 1 m” of heat transfer surface which created by small fibers has
bigger heat transfer possibility then the surface created from bigger ones. Thus, it can be concluded
that the main advantage of small fibers is a possibility to use more fibers with bigger total length.
However, the pressure drops also is much bigger for small fibers and it is important factor which
bordered the using of relatively small fibers. Please take note that the kinks in the graphs exist because
of utilizing non-linear scale on horizontal axis which contains values of external diameters.

The same conclusions as previous can be done based on comparison of different fibers which can
be produced from 1 kg of material. As before the external diameter of fibers and number of fibers was
varied and other conditions were the constant and described in the Figure 5 caption. Graphs of the
overall heat transfer coefficient (HTC_Ov), linear heat transfer coefficient (HTC 1) and pressure drop
is very similar as in previous case but the number of fibers (and total heat transfer rate Q) is different.
As well as it is evident that using of smaller fibers gives a possibility to use less of material for
construction of heat exchange equipment.

900 1700

850 1600
800 1500
e 1400
. . 1300
650 —HTC_Ov/0, 100
Pt W/m2K 1100 —HTC_Ov/10,
o ; —Q10,kW T p— — f il
450 ‘;:::: —— N L L
Dpnce )

-:23 1kll-;..\th0P- 700 ,'ll,f/ PressDrop,
300 iyl 600 y/d kPa
250 —HTC_I*100, 500 v, ~HTC_I*1000,
200 ; Wim*K 400 A s WK
150 ——— —Fiber Num/10 300 — —Fiber
100 e 200 : Num/100

50— ———— 100

0 0

) i oW i
',-.'.-;,-:,-;.-;%v_.r«,m_?! .
S eS

Fibers outside diameter, [mm]

0.15
0.10

Fibers outside diameter, [mm)]

Fig. 4: Comparison of polypropylene fibers with Fig. 5: Comparison of polypropylene fibers with
different diameters and constant total external different diameters and constant mass of material.
surface. Water-water cross-flow with volumetric Water-water cross-flow with volumetric flow rate
flow rate in tube side 1000 l/h, external flow in tube side 5000 l/h, external flow velocity 1 m/s,
velocity 1 m/s, external/internal inlet temperatures external/internal inlet temperatures of water are
of water are 20°/50° C. 20°/50° C.

3.3 Influence of wall material thermal conductivity

To study the influence of wall material thermal conductivity two types of fiber materials were studied.
The first one was isotactic polypropylene with thermal conductivity £ = 0.18 W/m-K (Mark, 1999) and
the second was arbitrary material with conductivity 2 W/m-K (around the 11 times higher). The graphs
of local to overall thermal resistance ratios and linear heat transfer coefficient are presented in Figures
6 and 7 for both materials (polypropylene and material with conductivity 2 W/m'K). R o/R I, R w
/R_[ and R_i/R_[ are, respectively, outside, wall and inside to overall linear thermal resistance ratios
which were calculated in accordance with formulas (17) — (19). The constant test conditions were
followed: fibers in water-water cross-flow, volumetric flow rate inside is 5000 I/hour, velocity around
the fibers is 0.05 m/s, external/internal inlet temperatures of water are 20°/ 50° C. The external
diameter was varied in 2.0 — 0.4 mm range. It can be seen that the wall thermal resistance plays the
main role in the overall one (around the 55 %) in polypropylene application case. This conclusion can
be generalized to a lot of other polymers, which have similar thermal conductivity values. The
opposite situation takes a place in the case of 2 W/m-K conductivity material (see Figure 7). The wall
resistance in this case has a minimal influence on overall one and heat transfer performance can be
increased by intensification internal and external convection. Moreover it can be seen that by
increasing (from 0.18 to 2 W/m'K) material conductivity eleven times the linear heat transfer
coefficient doubles.
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R_loc/R_ov, HTC |, R loe/R ov. HTC_I.
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Fig. 6: Local to overall resistance ratios and Fig. 7: Local to overall resistance ratios and
linear  heat  transfer  coefficient  graphs linear heat transfer coefficient graphs (fibers
(polypropylene fibers) from increased conductivity material)

3.4 Comparison of different fibers for water-air and water-water application

The main goal of this section is to compare three diameters of fibers for water-to-air heat exchanger
design. The standard performance and working conditions of heat exchanger were chosen for
comparison: summary heat transfer rate of fibers should be 29 kW, pressure drops is less the 20 kPa,
velocity of air around the fibers 2 m/s, inlet temperatures of water/air are 90°/30° C, material of fibers
is isotactic polypropylene with density 0.9 g/cm’ and thermal conductivity 0.18 W/mK (Mark, 1999).
The number of fibers needed, their diameters, length and inside volumetric flow rate were varied such
a way that pressure drop, total heat transfer rate and tube volumetric flow rate were similar to required.
The results obtained are partly presented in the Table 1. There are the following columns in the table:
external diameter Dex, a length of fibers L, volumetric flow rate trough single fiber Ofi, velocity of
liquid in fiber Vi, inside, outside, linear and overall heat transfer coefficients (H7Ci, HTCo, HTCI and
HTC), efficiency E, total heat transfer area A, heat transfer rate of single fiber Q, inside outlet
temperature 7oi, pressure drops in tube side dP, number of fibers N, total volumetric flow rate QOf, total
mass of fibers M. They were combined into three groups in accordance with efficiency values: the first
one is around 0.15, the second — 0.34, the third — 0.54. It is evident that the smaller values of
efficiencies were obtained for lower tube volumetric flow rates and correspond to smaller temperature
difference of tube water. The comparison of linear heat transfer coefficients, heat transfer rate, number
and mass of fibers for two values of efficiency (0.15 and 0.54 respectively) is presented in Figures 8
and 9. It shows that the linear heat transfer coefficient (and thus thermal performance) is slightly better
for bigger fibers (with 0.8 mm outside diameter). The heat transfer rate is several times higher for
these fibers based on its larger length and so less fiber needed to obtain required heat transfer capacity.
We can see also that bigger fibers are longer for the same pressure drop limit and permit to pump
bigger amount of heat transfer medium (they have relatively smaller pressure drops). Other side the
small fibers (with 0.4 mm outside diameter) have bigger values of overall heat transfer coefficients and
smaller values of total surface needed. As more by utilizing of small fibers the same heat transfer rate
can be released in smaller volume (Song et al., 2010). Thus created on the basis of smaller fibers heat
exchangers should have a tendency to be more compact and lighter.
Tab. 1: Summary of calculation results for water-air application

Dex, ofi, Vi, HTCi, HTCo, HTCI, HTC, > o dP, of,
mm P U wmis Wk WK Wmk  ww'k  EoAm QW TeiCopr N Mokg

0.8 060 120 1.04 4572 171 0.121 151 0.149 3.61 121 81.1 153 2397 2876 0.234
06 040 074 1.14 6101 199 0.107 179 0.144 3.02 72 81.1 199 4028 2981 0.148

04 020 029 1.00 9160 247 0.090 228 0.155 2.44 3 80.7 19.8 9667 2803 0.079

0.8 1.05 082 0.71 4572 171 0.121 151 0339 4.07 188 69.7 199 1543 1265 0.264
06 065 042 0.64 6101 199 0.107 179 0359 349 102 68.4 20.1 2843 1194 0.169
04 030 0.18 0.62 9160 247 0.090 228 0334 267 4.1 70 199 7073 1273 0.086

0.8 140 056 048 4572 171 0.121 151 0.553 4.87 21 56.8 20.1 1381 773 0315
0.6 080 031 048 6101 199 0.107 179 0.524 398 11 58.6 19.8 2636 817 0.193
04 040 0.12 041 9160 247 0.090 228 0.556 324 45 56.6 19.7 6444 773 0.105
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Fig. 8: Three diameters of fibers comparison for  Fig. 9: Three diameters of fibers comparison for
E=0.15 (Dex;= 0.8 mm L;=0.6 m, Dex,=0.6 mm E = 0.53 (Dex;= 0.8 mm L;=1.4 m, Dex;=0.6 mm
L,=0.4 m, Dex; = 0.4 mm L;=0.2 m) L,=0.8 m, Dex; = 0.4 mm L;=0.4 m)

The same work was done for water-water application. Performance and working conditions were
following: summary heat transfer rate of fibers should be 29 kW, pressure drops was less than 60 kPa,
velocity of water around the fibers was 0.05 m/s, inlet temperatures of inside/outside water were
4°/30° C, material of fibers was isotactic polypropylene. The results obtained are presented in Table 2.
They were grouped in accordance with efficiency values: the first was 0.65, the second — 0.95, the
third — 0.99. The comparison of linear heat transfer coefficients, heat transfer rate, number and mass of
fibers for two values of efficiency (0.65 and 0.99 respectively) is presented in Figures 10 and 11.
Around the same conclusions as for water-air application can be done for water-water application: the
linear heat transfer coefficient is similar for 0.8, 0.6 and 0.4 mm outside diameters fibers, the bigger
heat transfer rate value allows to use less of fibers but it’s based on large length of fibers, fibers with
larger diameter permit to pump more liquid through tube side (have smaller relative pressure drops),
the smaller fibers have bigger values of heat flux and contribute to improving the compactness.

Tab. 2: Summary of calculation results for water-air application

dP, of
wa N Mk

Dex, ofi, Vi, HTCi, HTCo, HTCI, HIC,

2 .o
mm ’ I/h mls WK  Wm’K WmK Wm'K £ Am oW Toi"C

0.8  0.60 1.19 1.03 3674 5701 0.791 989  0.6570 1.84 237 21.1  60.0 1224 1456 0.120
0.6 035 0.650 1.00 4906 6617  0.771 1286  0.6710 143 133 21.4 60.10 2180 1417 0.070
04 0.15 0.300 1.04 7371 8491 0.747 1868  0.6330 095 5.8 204 6090 5000 1500 0.031

0.8 1.05 0.74 0.64 3674 5701 0.791 989  0.9500 3.58 214 287 59.7 1355 1003 0.232
0.6 0.6 0410 0.63 4906 6617  0.771 1286  0.9510 277 11.8 28.7 59.80 2458 1008 0.135
04 025 0.195 0.67 7371 8491 0.747 1868  0.9230 1.66 5.5 28 60.40 5273 1028 0.054

0.8 135 0.59 0.51 3674 5701 0.791 989  0.992 553 178 29.8 605 1629 961 0.359
0.6 0.75 0.33 0.51 4906 6617  0.771 1286 0.9900 413 99 298 595 2929 967 0.201
04 035 0.140 0.48 7371 8491 0.747 1868  0.9920 3.05 42 29.8 59.50 6905 967 0.098

4. Conclusions

As it shown in Introduction section polymer heat exchangers have a lot advantages and problems
concerned with its application are slowly addressing in different studies of polymers. Thus we can
assume significant improvement of polymer heat exchanger performance and their wider application in
different fields. We have studied theoretically some factors affected heat transfer of polymeric hollow
fibers with respect to cross-flow water-water and water-air application. Performed conclusions and
comparisons show tendencies which have place in polymer fibers heat transfer and can help to choose
adequate fibers and flow conditions.



56 Engineering Mechanics 2012, #51

40.000 40.000

. HTC_I*10, ) HTC_I*10,
35.000 WK 35.000 WK

"Q s W 5Q LW
30.000 30.000

4 Mass*100,
« Mass*100, 1ass*100,
kg

ke
25.000 N_fib/500

N_fib'500
20,000 20.000
15.000 15.000
10.000 10.000
5.000 I 5.000 L
0.000 - 4 0.000 .-‘
0.8 0.6 04 0.8 0.6 0.4

Fiber outside diametr, [rm)] Fiber outside diameter, [mm]

25.000

Fig. 10: Three diameters of fibers comparison Fig. 11: Three diameters of fibers comparison

for E = 0.65 (Dex;= 0.8 mm L;=0.6 m, Dex,=0.6 for E = 0.99 (Dex;= 0.8 mm L;=1.35 m,

mm L,=0.35 m, Dex; = 0.4 mm L3;=0.15 m) Dex;=0.6 mm L,=0.75 m, Dex; = 0.4 mm
L;=0.35m)

Acknowledgements

The paper presented has been supported by the internal grant of the Brno University of Technology
No. FSI-S-11-20.

References
Bigg, D. M.; Stichford, G. H.; Talbert, S. G. (1989) Application of polymeric materials for condensing heat
exchangers. Polym. Eng. Sci., 29 (16), 1111.

Chen, L., Li Z.,, Gu Z. Y. (2009) Experimental investigation of plastic finned-tube heat exchangers, with
emphasis on material thermal conductivity. Exp. Therm. Fluid Sci. 33, pp. 922-928.

Gad-el-Hak M. (2003) Comments on critical view on new results in micro-fluid mechanics. Int. J Heat Mass
Transfer 46: pp. 3941-3945

Githens R. E., Minor R. W., Tomsic V. J. Flexible tube heat exchangers. Chem. Eng. Prog. 1965, 61 (7), 55.4.

Hallmark B., Gadala-Maria F., Mackley M.R. (2005) The melt processing of polymer microcapillary film (MCF)
J. Non-Newton Fluid Mech. pp. 83-98

Hallmark B., Mackley M.R., Gadala-Maria F. (2005) Hollow microcapillary arrays in thin plastic films Adv.
Eng Mater. 7 5457

Han S. & Chung D.D.L. (2011) Increasing the through-thickness thermal conductivity of carbon fiber polymer—
matrix composite by curing pressure increase and filler incorporation. Composites Science and Technology,
pp-1944-1952

Han Zhidong & Fina Alberto (2011) Thermal conductivity of carbon nanotubes and their polymer
nanocomposites: A review. Prog. Polym. Sci. pp. 914-944

Herwig H. (2001) Flow and Heat Transfer in Micro Systems: Is Everything Different or Just Smaller? ZAMM -
Journal of Applied Mathematics and Mechanics 1-10.

Herwig H. & Hausner O. (2003) Critical view on new results in micro-fluid mechanics: an example. Int. J Heat
Mass Transfer 46: pp. 935-937

Hetsroni G., Mosyak A., Pogrebnyak E., Yarin L.P. (2005) Fluidflow in micro-channels, Int. J. Heat Mass
Transfer 48 pp. 1982—1998.

Hornung, C. H., Hallmark B., Hesketh, R. P., Mackley M.R. (2006) The fluid flow and heat transfer performance
of thermoplastic microcapillary films. J. Micromech. Microeng. 16, pp. 434—447.

Incropera, F. P. & DeWitt D. P. (1996) Fundamentals of Heat and Mass Transfer, 4th ed., Wiley, New York

Malik T. & Bullard C. W. (2005) Suitability of Polymer Heat Exchangers for Air Conditioning Applications, Air
Conditioning and Refrigeration Center, University of Illinois.

Maynes D. & Webb A.R. (2002) Velocity profile characterization in sub-diameter tubes using molecular tagging
velocimetry, Exp. Fluids 32 3-15.

NIST Chemistry WebBook. Thermophysical Properties of Fluid Systems. Availiabale from
http://webbook.nist.gov/chemistry/fluid/ 26 January 2012.

Patel, A. B. & Brisson J. G. (2000) Design, construction and performance of plastic heat exchangers for sub-
Kelvin use. Cryogenics. 40, 91.

Mark James (1999) Polymer Data Handbook. Oxford University Press, Inc.




Astrouski I., Raudensky M. 57

Qin Yuchun, Li Baoan, Wang Shichang (2012) Experimental Investigation of a Novel Polymeric Heat
Exchanger Using Modified Polypropylene Hollow Fibers. Ind. Eng. Chem. Res. 51, pp. 882—890

Rousse D. R., Martin D. Y., Theriault R., Levillee F., Boily, R. (2000) Heat recovery in greenhouses: A
practical solution. Appl. Therm. Eng. 20, 687.

Scheffler T.B. & Leao A.J. (2008) Fabrication of polymer film heat transfer elements for energy efficient Multi-
Effect Distillation. Desalination, pp. 696-710

Song Liming, Li Baoan, Zarkadas Dimitrios, Christian Saskia, Sirkar Kamalesh K. (2010) Polymeric Hollow-
Fiber Heat Exchangers for Thermal Desalination Processes. Ind. Eng. Chem. Res., 49 (23), pp. 11961-11977

ThermalSpreadSheets. Equations for the Thermophysical Properties of Air. Availiabale from
http://thermalspreadsheets.com/?p=1 26 January 2012.

T'Joen C., Park Y., Wang Q., Sommers A., Han X., Jacobi A. (2009) A Review on Polymer Heat Exchangers for
HVAC&R Applications, International Journal of Refrigeration, 32(5), pp. 763-779

Tsilingiris P.T. (2000) Heat transfer analysis of low thermal conductivity solar energy absorbers. Appl. Thermal
Eng. 20 (14) 1297.

Tso, C.P. & Mabhulikar, S.P. (2000) Experimental verification of the role of Brinkman number in microchannels
using local parameters. International Journal of Heat and Mass Transfer 43, pp. 1837—-1849.

Whitley, D. M. (1957) Plastic heat exchangers gain in severe service. Chem. Eng. 64 (9), 308.

Yarin L.P., Mosyak A., Hetsroni G. (2009) Fluid Flow, Heat Transfer and Boiling in Micro-Channels Berlin:
Springer

Zaheed L. & Jachuck R.J.J. (2004) Review of polymer compact heat exchangers, with special emphasis on a
polymer film unit. Appl. Therm. Eng. 24, pp. 2323-2358.

Zarkadas D. M. & Sirkar K. K. (2005) Incremental heat transfer number for laminar flow in circular tubes with
the boundary condition of the third kind and simple design formula for shell and tube laminar flow heat
exchangers with constant external resistance. Int. J. Transp. Phenom. 7 (4), pp. 297-306.

Zarkadas, D. M. & Sirkar K. K. (2004) Polymeric hollow fiber heat exchangers: An alternative for lower
temperature applications. Ind. Eng. Chem. Res. 43, pp. 8093—-8106.



