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Abstract. This paper presents a lumped parameters modgirfedticting the temperature dynamics of heat excbang
core, as the out temperature dynamics of both titeahd cold flows. Fin and core’s geometry are usedmpirical
correlations for providing mass flow and thermasisgances to the model.
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1. INTRODUCTION
There are several types of compact heat exchabgerthe offset strip-fin has been the most widebed fin

geometry for industries that require lightweighglriperformance exchangers, due to its high heasfea relative to
heat exchanger volume, an important characteristien considering the often reduced space avail&iieits

positioning.

Figure 1. One layer of an offset strip-fin

Due to the complex nature of the flow in this tyéheat exchanger, empirical correlations have hisseloped for
over 60 years now, with the first friction factandaColburn modulus data being presented by (Nami$ Spofford,
1942) for 3 offset surfaces. Since this date, ¢biselations have been constantly updated, andpmsted by (Shah and
Sekulic, 2003), the most comprehensive correlativalable at this date were provided by (Manglild 88ergles,
1990). Based on the correlation for the frictiontés, the mass flow through each line can be obthiand using the
correlation for the Colburn modulus and the masw fla model is proposed for representing all théresistances, and
an equivalent thermal resistance from the fluithescore is obtained. The development for the rfiasscalculation is
presented in Section 2, and for the thermal rasistin Section 3.

The dynamic model is then presented in section lerev previously obtained results will be joiningddidnal
developments for calculating the heat exchanger's temperature, and finally, the outflow tempemf the both the
cold and hot lines.

2. EMPIRICAL CORRELATIONS

The once “state-of-the-art” (Shah and Webb, 1988pidcal correlations for predicting Colburn modsiland
friction factors provided by (Wieting, 1975), asmgaother correlations, were replaced by those pexbi(Manglik and
Bergles, 1990). As the authors state: “the few eicgdicorrelations that are available inadequatkdgcribe the trends
in the data and lack a logical theoretical basisfaiiglik and Bergles, 1990). These correlations igtethe
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experimental data of 18 test cores within + 20%10< Re< 10%, and, even though obtained for air, sincejtfagtor
takes into account variations in the Prandtl nun{e), they should be valid for 0,5 < Pr < 15 (Slsadd Sekulic,

2003).
Figure 2 presents a frontal view of the offsetpsfim view, and the fin parameters, which will beferenced

throughout this paper:

—3
Figure 2. Geometric parameters of the offset dtrip-

* s Transverse spacing (free flow width).
* h: Free flow height.

* t: Fin thickness.

* I: Fin length.

(Manglik and Bergles, 1990) also provide a newrdgfin of hydraulic diameter (£, which considers the mean
flow velocity — instead of maximum velocity as ifoghi and Webb, 1987) — and also accounts forthetlertical and
lateral fin edges, extending the understandind-offlon and Shah, 1968) and (Joshi and Webb, 198W,considers
only vertical edges. Eq. (1) provides this hydmadiameter definition.

4shl (1)

Dn = 2(sl+hl+th)+ts
2.1. Mass Flow

The correlation that (Manglik and Bergles, 1990éhabtained for the friction factor is in the fooha power-law
of the type presented in Eqg. (2).

f = K1(Re)* () (8)* (y)** )

« Ky, al, a2, a3, a4: Power-law coefficients.

* Re Reynolds number.

* a = s/h: Aspect ratio.

* 4 =t/l: Ratio.

e y =t/s: Ratio.
For Re< Re, laminar flow region:
f — 9,624—3 (Re)—0,7422 ((1)_0’1856(5)0'3053(}/)_0'2659 (3)
For Re> Re + 1000, turbulent flow region:

f — 1,8699 (Re)—0,2993 (a)—0,0936 (6)0,6820 (y)—0,2423 (4)
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Re is defined as presented in Eq. 5, from (Joshi\&lethb, 1987):

. 1 \1.23 /440,58 Re\—05771
Re* = 257(D—h) (l) D, [t + 1,328(5) ] (5)
For converting the friction factor into mass flowe are required to use the definition of the aver&gnning
friction factor, as presented in Eq. (6), and toveot the mean fluid velocity into mass flow, usiag. (7):

APDp 1

f= (6)

2 L pud,

* AP: Pressure loss in the heat exchanger.
» L: Total length in the direction of the flow.
e p: Fluid density.

* u,,: Mean fluid velocity.

Up = oA (7)

e 1. Mass flow.
e A: Total free flow area.

Replacing the mean velocity in Eq. (6) by Eq. (@l &solating the mass flow, we have Eq. (8):

m=A /iﬂ% (8)
f 2 L

Since the friction factor is dependent on the R&dsmaumber, which in turn depends on the mass flelvch we
are meant to obtain, it is required to replacegieeral form of the correlation of Eq. (2) in thass flow of formulae
of Eq. (8), obtaining then Eq. (9):

. 1 pAP D, 1 pAP Dy,
m=A|—————=t=4 PAT On
\/KlRe"-la‘”S‘By‘“ 2 L \] 1 L 9

mDha azgas,as 2
Ki(uA) ad25a3y

e W Fluid viscosity.

Isolating the mass flow again, we have Eq. (10t throvides the mass flow as a function of the ieimg
elements of the friction power-law, fluid densityydraulic diameter, length in the flow directiondathe pressure
differential in the heat exchanger.

(10)

1
(1-a1) /(2+a1)

. 1 AP D

m=A4 P ]

Klu—alaa25a3ya47 L
2.2. Thermal Resistance

Now that the necessary calculations for the masw thave been provided, we are able to fully devetop
equations for the thermal resistance. First, that tensfer coefficient is determined from an eioplrequation in
Section 2.2.1, and then used in Section 2.2.2 dtrutating the convection thermal resistance. Terlsection also
presents conduction thermal resistance and equivisdsistance model.

2.2.1 Convection Coefficient

The Colburn modulus is defined as:
j = St. Pr2/3 (11)

e j: Colburn modulus.
e St Stanton number.
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*  Pr: Prandtl number.
Using the dimensionless numbers definitions:

Nu

St =
Re.Pr

(12)

h.D,

K; (13)

Nu =

Colt
Pr= ;—f (13)

* he Convection heat transfer coefficient.

* K Fluid thermal conductivity.

* ¢, Fluid specific heat at constant pressure.
e W Fluid viscosity.

Rearranging Eq. (11) using Eq. (12), Eq. (13) aqd(E4), isolating the convection coefficient:

Y
i CpH 3 Kf (14)
he—].Re.<Kf> D,

For the convection coefficient it is not necessarynanipulate the correlation, so the Colburn moslu$ simply
calculated and fed to Eq. (14). Eq. (15) and E§) @resents the (Manglik and Bergles, 1990)’s datien for the
laminar and turbulent regions:

For Re< Re, laminar flow region:

j — 0,6522(Re)_°'54°3(a)_°'1541 (5)0,1499(,},)—0,0678 (15)
For Re> Re, turbulent flow region:
j = 0,2435(Re) 04063 () ~01037 (§)01955 () 01733 (16)
2.2.2 Equivalent Thermal Resistance
Heat transfer will occur in the fin through fiveffdrent types of resistances, as presented in &i@urThis

resistances model both convection (using the heasfer coefficient calculated previously) and asetibn. After
defining the equations for each resistance, a thkcircuit is built, and an equivalent thermal st@nce is calculated.

Figure 3. Fin thermal resistances
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* Ry Convection from fluid to plate/fin base.

* Ry Convection from fluid to fin projection.

e Rs: Conduction through fin base.

e R4 Conduction through half the plate thickness.
« Rs: Conduction through fin projection.

Resistances fand R are presented in Figure 3 for illustration purposely. An additional model will be used for
calculating this resistances. The other three tavgies can be obtained directly from the modelgmtes! in Figure 2.
These are:

1 1
U heN2S1 helygsl (17)
R = t ot
P KaN23 L, Kalpsl (18)
t
p
t
R, = / 2 __ P (19)
Kprsza 2.KpNgsLg

* Nz Total number of fins in the line (cold or hot).
» K, Fin thermal conductivity.
» K Plate thermal conductivity.

The vertical edge can be rearranged for applyingodel proposed in (Incropera, 2006). Therefore,rted z-
shaped fin will be replaced by a T-shaped fin, veithehavior very well known from literature. Figutgoresents this
model and its parameters.

Figure 4. Fin thermal resistances

R, Convection resistance.
* Ry Conduction resistance.

In this model, the total equivalent fin resistamil be a combination of the convection and conductesistances.
Since the top of the fin, in this model, is adiahait is possible to partition this fin into twogeal parts, with a
corrected length () half of the total fin height. The decision to fi@on this fin is will require that later, bothnfs are
combined through a parallel representation.

For this model, the following equations are reqdiire

h
L.= > (20)

Ap=2.1L, (21)
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h.2.(1+t,)
m = _—m
K.l.t,
(22)
tanh(mlL,)
g = — ¢ 23
¥ mL. (23)

* L Corrected length

» A Heat exchanging surfaces
* m: Efficiency parameter

» & Fin efficiency

Using this parameters, it is possible to definehhl-fin thermal resistancé,, and a total fin thermal resistance,
Rs, a parallel combination of the fin thermal resis, R,

1
Ry =7—7——
R,.R, R, 1 1
Rs=Ru//Ry = === 25
> @ @ Ra + Ra 2 2 h. NfAfo ( )

With all the resistances defined, we are readygfeating an equivalent thermal circuit for the heamsfer through
the fin.

R

Ry

Tyiuia —
d Tpc

Figure 4. Equivalent thermal circuit

The equivalent thermal resistance from the flurdgerature to the mean pre-cooler mass temperature i

(Rflffes +Rs) Ry

Req = +R 26
U RRs L pvr .
Ri+R; 37

This equivalent resistance should be calculatedhercold and the hot side, as they model the tnaasfer from
each of this fluids to the heat exchanger mass.

3.DYNAMIC M ODEL

Until this point, the basis of the model have béderneloped, the mass flow can be calculated basetieoheat
exchanger geometry, as are the thermal resistafid¢eslast part is the model itself is models thathexchange
between the cold and hot fluids to/from the corssnand the dynamics of the temperature in this.cor

Figure 5 presents the representation of this madtél three main parts: hot fluid control volume reanass and
cold fluid control volume.
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Figure 5. Core Heat Exchange Model

e my: Hot mass flow.

* m,: Cold mass flow.

e Ty Hot inlet temperature.

e Tho Hot outlet temperature.

e T, Cold inlet temperature.

* T, Cold outlet temperature.

*  Onhcwm Heat transferred from the hot fluid to the corass

*  Qcmc Heat transferred from the core mass to the dald.f

dE .
. ?‘“: Energy accumulated in the core mass.

This model now needs to be represented in a fastudable for use in a numerical simulation. Fobiding
unnecessary repetition, the following developmerilisbe presented for the hot line, but analog hsscan be obtained
for the cold line (which will be presented at thmelpe

Representation of the heat is lost by the hot ftlid to the contact with the surface of the coresnis presented at
Eq. (27). It should be noted here that all develepts are based on mean temperature, as defined @®:

1 _ _
11y Cy (Thy — Tho) = R, (T, — Tem) (27)
,1—.,h — Thi -+Z_ ThO (28)

The use of mean temperatures is of great important@s model, since it allows the heat transéerd therefore
the core mass temperature, to be obtained onlyf@sction of the inlet temperatures of the fluids.

It is required an expression for the mean hot teatpes, which is not dependant on the fluid outéebperature,
which is to be determined. Isolating the hot outdghperature in Eqg. (28) and replacing into Eq) (2&lds Eq. (29),
which can then be rearranged for calculating thanmeot temperature, in Eq. (30), suitable for uséhe core mass
dynamics equation.

_ 1 _ _
thp [Thi — 2.T, — Tp)] = R_h (Th — Tem) (29)

T _ T 2.Rh.Tflh.Cp(Thi - TCM)
h—cm 14 2.Rp.1ip.

(30)

The same development can be performed for thelic@dyielding Eq. (30):

_ 2R cy(To — Tem)
T.=T 31
¢ =Tlem ¥ 14 2.R..1m.cp (31)

Eq. (30) and (31) present the mean cold and hiat famperatures as a function of the mean core teagserature
and known parameters, such as mass flow and equoivlermal resistancesyBnd R).
Proceeding to the core mass energy dynamicsdédfised as:
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dE,, 1 _ 1 _ 1 _ 1 _
ar  dnem ~demc = R, (Th — Tpc) — R, (Tpc —To) = R, (Th — Tpe) + R, (T — Tpc) (32)

It is now required to replace Eq. (30) and Eqg. (819 Eq. (32), for obtaining the derivative asuadtion only of
fluid inlet temperature and the mean temperatur¢hefcore mass. After some manipulation, Eq. (38sgnts the
result:

dE 2.myp.c — 2.m.c
== P (T — Tow) + o —
dt 14 2.Rp. 1y, cp 14+ 2.R.m..cp

(Tei = Tem) (33)

In the last step, the energy derivative shoulddmaced by the temperature derivative, using E4). (Bhe result is
presented in Eq. (35):

dE, ATy
d;ZC = mC' Cp,CM T (34)
dTey 1 2.1 ¢p _ 2.1 ¢, _
B Ti =Tem) ¥ 155k me, Ta = T 35
dt  me.Cpem |1+ 2. Ry 1. p (T = Ta) + 73 2.R.. 1. Cp (Tei = Tem) (35)

Integrating Eq. (35) in time, the core mass tempeeabecomes available, and the hot outflow tempegds then
obtained using Eg. (28) and (30).

5. CONCLUSION

The model presented in this paper provides a simaplation, using only one derivative, for repregemtthe
behavior of a heat exchanger of complex geometvgnEhough developed for an offset strip-fin geamethe steps
described here could be followed for developingespntations of other geometries as well, throhghréplacement of
correlations and the equivalent thermal resistairceits.

The drawback of the choice of a simple solutiothis loss of more complex behaviors of the heat a&xgh, such
as stratification, which would require the presenéemany derivatives for observing the temperatdistribution
through width and height of the outflow. Howeverer though important, such behaviors are not requior
applications under which this model would be usedere only an approximated mean temperature preét@ugh
information.
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