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Abstract

In heating, ventilation and air-conditioning (HVAC) systems, air-to-air plate-fin heat exchangers (PFHEs) can
be used as heat recovery devices to reduce the building energy consumption. However, existing heat exchanger
models have limitations in simulating the performance of air-to-air PFHEs. For example, some models adopt
heat transfer correlations which are not suitable for PFHESs, while others require detailed geometric data which
are usually difficult to access, etc. To address these limitations, we developed a new model for air-to-air PFHE
without dehumidification. Based on empirical correlations dedicated to air-to-air PFHESs, the mathematical
models of the heat transfer and the flow resistance were built. The new model considers the impacts of the
changing air flow rates and temperatures. Additionally, it only requires readily available nominal parameters as
inputs and does not need any geometric data. Furthermore, no numerical discretization is needed to solve the
equations, which makes the model computationally more efficient than models using the finite-element method.
To evaluate the performance of the new model, it is implemented using an object-oriented, equation-based
modeling language Modelica. Case studies show that the new model can predict the results with a relative
deviation less than 10% compared to the experimental data.

Key words: plate-fin heat exchanger, air-to-air, mathematical model, Modelica
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Nomenclature
A total heat transfer area, m?
As  fin area, m?

- 2
Annin  minimum flow area, m
specific heat capacity under constant

pressure, J /(kgK)
¢ capacity rate, J/(Ks)

C constant
c constant
Dy hydraulic diameter, m

Dp pressure drop, Pa

e relative error

f friction factor, dimensionless

convective heat transfer coefficient,

h
W /(m2K)
j heat transfer factor, dimensionless
K Constant or the unit of temperature
k constant
L characteristic length, m
Lp louver pitch, m
m mass flow rate, kg /s
exponent of Reynolds number in the
m
correlation of heat transfer factor
exponent of Reynolds number in the
n
correlation of Nusselt number
N exponent of Reynolds number in the

correlation of the friction factor

U overall heat transfer coefficient, W /(m?K)
characteristic velocity, m/s
air velocity, m/s
factor for thermal variation of fluid
x properties in heat transfer module,
dimensionless
factor for thermal variation of fluid
Xf properties in flow resistance module,
dimensionless
Greek letters
A Difference
£ heat transfer effectiveness, dimensionless
¢ pressure loss coefficient, dimensionless
n efficiency, dimensionless
) non-dimensional temperature
A thermal conductivity, W /(mK)
u dynamic viscosity, Pa - s
p density, kg/m?
ratio of x under a special condition,
X . .
dimensionless
imbalance rate of heat transfer rates of both
(p .
sides
Subscripts
0 nominal condition
L side 1 of heat exchanger or subscript of

constant
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number of heat transfer units, side 2 of heat exchanger or subscript of
NTU ) 2
dimensionless constant
Nu  Nusselt number, dimensionless c the abrupt narrowing of the circulation area
P total pressure, Pa e the abrupt widening of the circulation area
Pr Prandtl number, dimensionless f fin
0 heat transfer rate, W i side number of heat exchanger
R ideal gas constant, J /(kgK) in inlet
R¢ capacity rate ratio, dimensionless max  maximum
Re Reynolds number, dimensionless min minimum
ratio of convective heat transfer out outlet
r . . .
coefficients, dimensionless t total
T temperature, K

1 Introduction

The building sector is under pressure to improve its overall energy efficiency due to its colossal energy demand
[1]. Advanced energy-efficient Techniques (e.g. heat recovery, grounded source heat pump) draw more
attentions [2, 3]. In HVAC systems, air-to-air plate-fin heat exchangers (PFHESs) can be used as heat recovery
devices to reduce the building energy consumption. The plate-fin heat exchanger (PFHE) is a compact heat
exchanger that consists of a stack of alternating plates called parting sheets, and fins brazed together as a block
[4, 5]. Fig. 1 shows the structure of a typical PFHE. Common PFHE fin types are: plain fin, wavy fin, offset fin
and louvered fin etc. [6] An existing study [7] compares the performance of different plate-fin channels, which
can be taken as a reference to the optimal design of the PFHEs. PFHE has some advantages over other kinds of
heat exchangers. For example, it has close temperature approaches, high thermal effectiveness, a large heat
transfer area per unit volume (typical 1000 m?/m3), a low weight per unit transfer, and the capability of heat
exchange between many process streams [4]. For these reasons, air-to-air PFHEs have been used in building
HVAC systems as high-efficient energy recovery devices. A study [8] shows that using air-to-air PFHEs in the

HVAC system for heat recovery can lead to great energy saving, as the load of the fresh air handling unit is
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reduced by 45% ~ 70%. Besides, since the fresh air and exhaust air do not have contact with each other, there

is no cross contamination between them, which will benefit the indoor air quality.

Parting sheet

Side bar

Outlet of side 1 (7, ,,,)

Outlet of side 2 ( 75,0u)

Inlet of side 2 (m2,, T5,,)
Inlet of side 1 (2,7, ,,)

Fig. 1 Diagram of the structure of a PFHE

A review of existing air-to-air heat exchanger models from the literature and mainstream simulation platforms
shows that they have limitations in the modeling of air-to-air PFHEs. Wetter [9] presented a simple simulation
model of an air-to-air plate heat exchanger with effectiveness-NTU method. However, Wetter’s model is
designed for plate heat exchangers and calculates the convective heat transfer coefficient based on an empirical
correlation with a fixed exponent of velocity, which makes it not applicable for the PFHEs. Nakonieczny [10]
described a numerical model of the air-to-air PFHE under unsteady flow conditions. In this model, geometric
parameters of the heat exchanger are needed, which are usually difficult to access. The unsteady-flow equations
in this model are discretized with a semi-discrete finite-element method, which can lead to a longer
computational time and may cause difficulties in achieving convergence. Rose, Nielsen, Kragh and Svendsen
[13] and Nielsen, Rose and Kragh [14] presented a quasi-steady-state model and a dynamic model of a counter-
flow air-to-air heat exchanger, respectively. In these two models, the effects of dehumidification and frost
formation are taken into account and geometric data are needed in the calculation of the Reynolds number.
Similarly, Liu, Rafati Nasr, Ge, Justo Alonso, Mathisen, Fathich and Simonson [15] developed a theoretical
model to predict frosting limits for cross-flow air-to-air heat exchangers, which needs geometric data for the
calculation of the heat transfer coefficient.

As for the mainstream simulation platforms, in Modelica Buildings Library [16], the heat exchanger model
Fluid. HeatExchangers. ConstantEffectiveness can simulate air-to-air heat transfer, but it uses constant heat
effectiveness € without considering the impacts of changing air flow rates and temperatures. In EnergyPlus[17],
there are three air-to-air heat exchanger simulation models. The model Air-To-Air Sensible and Latent

Effectiveness Heat Exchanger models a full heat exchanger, which is different from PFHE in structure and
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material. The Air-To-Air Flat Plate Heat Exchanger model adopts Wetter’s model [9] mentioned above. The
Balanced Flow Desiccant Heat Exchanger model is dedicated for desiccant heat exchangers, which is also
different from PFHE. In the Standard Component Library of TRNSYS 17 [18], Type 5 and Type 91 can be used
in the modeling of air-to-air heat exchangers. The heat transfer effectiveness € of Type 5 is calculated based on
a fixed overall heat transfer coefficient UA. Type 91 uses a constant effectiveness. In the Standard Component
Library of TRNSYS 18 [19], no new air-to-air heat exchanger model is developed. In TESS Library 17 [20],
Types 512, 650, 652, 657, 667, 699, 760, and 761 can be used to model air-to-air heat exchangers, but all of
them use constant heat transfer effectiveness. However, almost all the above-mentioned models do not involve
the calculation of flow resistance, except for the model in Modelica Buildings Library. Since the flow resistance
directly affects the power consumption of the fluid machines in HVAC systems [16, 21], it should be included
as part of the heat exchanger modeling. In the flow resistance calculation of the model in Modelica Buildings
Library, the relationship between pressure drop AP and mass flow rate m is quadratic [21], which is not
consistent with the situation in PFHEs. Investigations [5, 6, 22] show that the correlation of the friction factor
f in different PFHESs can be generally written as f = k;k,Re™. From this correlation, we cannot derive the
relationship between pressure drop AP and mass flow rate m is quadratic in PFHEs.
To sum up, the following limitations of existing models in the modeling of air-to-air PFHEs are noticed:

e Needing detailed geometric data of the heat exchanger that are seldom accessible.

e  Using the finite-element method, which leads to longer computational time and difficulties in achieving

convergence.
e Using the constant heat transfer effectiveness ¢ or fixed overall heat transfer coefficient UA without
considering the impacts of the changing conditions on heat transfer.

e Using an inapplicable correlation between the pressure drop and the mass flow rate for PFHEs.
In this paper, we present a new model for air-to-air PFHEs that overcomes the above-mentioned limitations of
existing models. The new model adopts correlations of the heat transfer factor and the friction factor that are
based on PFHEs, which makes the calculation results of heat transfer and pressure drop closer to real cases. As
input, it only needs nominal data that are available during the design phase of HVAC systems to calculate the
heat transfer coefficients. This avoids the difficulty of getting access to geometric data of the heat exchanger.

Only explicit equations are used in the model to avoid numerical discretization as needed by the finite-element

5
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method. In this way, short computational time and numerical stability are ensured. Also, the impact of the
changing air flow rate and temperature on the convective heat transfer coefficient is considered. The new model
can be used to calculate both the heat transfer and the flow resistance. In the present stage of our work, we only
focus on modeling air-to-air PFHEs without dehumidification. The effects of dehumidification will be
considered in the future work.

Fig. 2 shows the methodology of this paper. At first, the mathematical model of the PFHE is abstracted
according to its physical properties. The flow resistance correlation and the heat transfer correlation of the PFHE
are chosen from literature, based on which the two mathematical modules, heat transfer module and flow
resistance module, are established. After that, we implemented the mathematical model using the object-
oriented, equation-based modeling language Modelica. Then, experimental data from literature are used to
evaluate the two modules, respectively. At last, simulation results are analyzed and concluding remarks of this

paper are made.

]é’hyts ical | Modeling | Mathematical | Modelica | Simulation
of}‘]i’l?lzllE Model Language | Program

Evaluation Conclusion

Fig. 2. Methodology of the work in this paper

2 Mathematical Model Description

2.1 General Description

In this paper, it is assumed that the geometric structure and dimension on both sides of the heat exchanger are
the same. Given this assumption, the heat transfer correlations on both sides are the same, as well as the flow
resistance correlations. Fig. 1 is a schematic diagram of sides 1 and 2 of the heat exchanger.

The mathematical model consists of a heat transfer module and a flow resistance module. They are independent
of each other. The new model can predict the performance of the air-to-air PFHE under non-nominal conditions
based on the performance under the nominal condition. The nominal data are available in the design phase of
an HVAC system. Besides, the mass flow rate and inlet air temperature under non-nominal conditions on each
side of the heat exchanger are also measurable. Based on these known variables, we can get those unknown
variables under non-nominal conditions; namely, the heat transfer rate, the pressure drop, and the outlet
temperature. Here, the nominal condition is decided by users during the design phase. It can be the design

condition, the maximum load condition, or measured catalog data provided by the manufactures. Considering
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the selection of the nominal data may affect the calculation results under non-nominal conditions, we propose
using the catalog data from manufacturers, which are often available in the design phase. In the following part,
the detailed description of the mathematical models for heat transfer and flow resistance are presented.
2.2 Detailed Model Description
2.2.1 Heat Transfer Module
In the mathematical calculation of the heat transfer module, the following assumptions are made: 1) The fouling
and themal resistance of the material are neglected; 2) No leakage of airflow or heat loss to the environment
occur; 3) The air pressure is considered approximately 1 bar; 4) The specific heat capacity and Prandtl number
of air and the fin efficiency are constant; 5) The model is static.
The following mathematical derivation of heat transfer adopts the effectiveness-NTU method [23]. Here, the
dimensionless heat transfer effectiveness € is defined as the actual heat transfer Q divided by the possibly
maximum heat transfer Q4

Q

Qmax

E =

()

For most single channel counter flow heat exchangers, the heat transfer effectiveness ¢ lies between 50% and

70% [24]. The actual heat transfer can be expressed as:

Q = CllTl,out - Tl,in| = C2|T2,in - Tz,out 5 )

where T is inlet temperature or outlet temperature of two sides of the heat exchanger, and C is the capacity flow
and is the product of mass flow rate 1 and specific heat capacity of air c,:
¢ = e, 3)
The possibly maximum heat transfer rate is:
Qmax = Cmin|T2in = Trinl» 4)
where C,p;,, is the lower capacity rate of both streams:
Comin = min(Cy, C;) . 5)
Substituting Eq. (2) and Eq. (4) into Eq. (1), the € can be written as:

£ = Cl (Tl,in - Tl,out)
Cmin(Tl,in - TZ,in)

(6)



148  The dimensionless number of heat transfer units (N7U) is defined as:

UA
NTU = —, (7)

min
149  where U is overall heat transfer coefficient, 4 is total heat transfer area.
150  The correlation between £ and NTU is:
e = f(NTU, R, flow arrangement) , (S)

151  where R is the dimensionless capacity rate ratio:

C. .
R = Zmin 9)

Cmax

152 Different variations of Eq.(8) according to the flow arrangement are listed in Table 1. Only two common
153 configurations of the heat exchanger are considered here: counter flow and cross flow. For the cross flow, both
154 streams mixed and both streams unmixed are considered. For plain fin and wavy fin PFHEs, it is both streams

155  unmixed, while for offset fin and louvered fin PFHEs, it is both streams mixed.

156 Table 1. Correlations between € and NTU for different heat exchanger flow arrangements [17]
Flow NTU
&£ = f(NTU, R, flow arrangement)
arrangement = f(& R¢, flow arrangement)
NTU(R # 1) = In(——*
Counter flow heat 1—exp[—NTU(1 — R.)] (Re 1) = R.—1 n(l - sRC)
E =
1— Rcexp|-NTU(1 —R £
exchanger cexpl ( o)l NTU(R, = 1) = -
-

Cross flow heat

exchanger with c=1-exp {NTUO-ZZ lexp(—RNTUOT®) — 1]} NTU = f(&,NTU,R,)
both streams Rc¢ The solution is unique [25].
unmixed
Cross flow heat 1 R.
exchanger with ~ © [1 —exp(—NTU) | 1= exp(—R.NTU) NTU = f(&, NTU, R;)
both streams 1 1* The solution is unique.
mixed - NTU

157 If the effectiveness ¢ is known, according to Egq.(6), the outlet temperature of side 1 can be calculated with:

C. .
Tl,out = Tl,in + 5% (Tz,in - Tl,in) . (10)
1

158 The heat transfer rate then becomes:
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Q = C1 (T1out = T1,in)- (11)
The outlet temperature of side 2 is:
Ta0ut = (Toin — 2) (12)
G
Using Eq.(1), Eq. (3), Eq. (4) and Eq. (5) with nominal data T} ;, o, 714 g, T5,in 0, M2, and Qo, We can get &.
Then, using Eq. (8) and Eq. (9), we can get NTU,. Finally, using Egq. (7), we can get (UA), as:
(UA), = NTUoCmin,o- (13)
Next, we will determine the convective heat transfer coefficient of both sides and overall heat transfer
coefficient of heat exchanger under non-nominal conditions.

Under non-nominal conditions, when neglecting the heat resistance of the material and the fouling on the surface,

the overall heat transfer coefficient UA is calculated as [24]:

1
), G,

where h is the convective heat transfer coefficient, 7, is the total fin efficiency[23]:

UA =

A
me=1-(1-n)=,. (15)
In Eq.(15), Ay is the area of fins, A is the total heat transfer area and 7 is the fin efficiency.

The ratio r is defined as the quotient of the convective heat transfer coefficients over the two sides of the heat

exchanger under nominal condition:

s
Using Eq.(14) and Eq. (16), the (n.hA) ; o value under nominal conditions can be written as:
(M¢hA) 10 = (r + D(UA) o, (17)
and
(nehd) 5o = & J; D way,. (18)

As the next step, the (17.hA) ; under non-nominal conditions is calculated, based on which the total heat transfer

coefficient U4 under non-nominal conditions is further obtained using Eq.(14).

9
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Based on the literature [5, 6, 22, 26-35], the correlation of heat transfer factor j for different PFHEs can be
written as:

j=cyc,Re™, (19)
where c; is a constant real number, c, is a constant that only depends on the geometry of the heat exchanger, m

is the exponent of Reynolds number Re .The definition of j is:

Nu

= —— 20
) = Reprifs (20)
where Nu is Nusselt number, Re is Reynolds number and Pr is Prandtl number.
The definition of Re is:
ulL
Re = pT , (21)

where p is the density of air, u is the characteristic velocity, L is the characteristic length and u is the dynamic
viscosity. The characteristic temperature used here is the average of the inlet and outlet temperatures of the heat
exchanger. For different types of fins, the characteristic length L is different. For plain fin, wavy fin and offset
fin, it is the hydraulic diameter Dy, at the fin inlet, while for louvered fin, it is usually the louver pitch Lp. The
characteristic velocity u of PFHE is defined as the maximum velocity between the fins and is similar to the

average velocity in the constant flow section [36]:

m

“e PAmin (22
where A, 1s the minimum flow area.
The definition of Nusselt number Nu is as following:
Nu = % , (23)
where A is the thermal conductivity.
Using Egq. (19) and Eq.(20), Nu can be rewritten as:
Nu = ¢;c,Prt/3Re™*1, (24)

The air temperature in an HVAC system usually lies from 278.15 K to 318.15 K. In this range, the value of
Prandtl number Pr varies very little [37]. Hence, Pr in this paper is regarded as a constant.

Let C = ¢;c,Pr'/3 and n = m + 1, then Eq.(24) can be written as:

10
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Nu = CRe™. (25)
Table 2 lists some correlations of heat transfer factor j for different fin types and the corresponding exponent
values for the calculation of Nu. Based on the literature [5, 6, 22, 26-35], the range of m lies between -1 and 0
and the range of n between 0 and 1. When choosing the value of m or n without sample data or test data at
hand, special attention should be paid to the following aspects: 1) The form of the correlation should be as in
Eq.(19) or Eq.(25) and corresponding to the type of fin. 2) Even for the same type of fin, there exist different
correlations, which should be further chosen according to the characteristics of the equipment. 3) The range of
Reynolds number should match that of the correlation. 4) When calculating the Reynolds number, the
characteristic length should match the fin type. However, in the design phase, it is usually difficult to get detailed
geometric data of the equipment, such as the channel cross-sectional flow area. This makes the calculation of
Reynolds number difficult. Therefore, in this paper, we estimated the Reynolds number range according to the
flow velocity and the type of product. Then, we chose the corresponding heat transfer factor correlation from
Table 2. When sample data or test data of the product are available, further modification of m or n is possible.

Table 2. Correlations of heat transfer factor j for different fin types

Fin type j m n=m+1 Range of Re References
Plain fin j=0.271c,Re™0-3345 -0.3345 0.6655 600 < Re < 8000 [6]
j =0.0836c,Re™%23%°  .0.2309 0.7691 600 < Re < 7000 [6, 33]
j =0.0482c,Re™023725  _0.23725 0.76275 600 < Re < 7000 [34]
Wavy fin
j=0.2951c,Re~%1%%%  .0.1908 0.8092 Re < 1900
[35]
j =0.7293c,Re™%3¢37  .0.3637 0.6363 Re > 1900
j = 0.483c,Re 0536 -0.536 0.464 Re <1000
Offset fin [38]
j = 0.242c,Re 0368 -0.368 0.632 Re > 2000
Louvered Jj = 0.436¢,Re)*° -0.559 0.441 100 < Rey,, < 1000 [26]
fin Jj = 026712c,Rep,***  -0.1944 0.8056 200 < Rey,, < 2500 [32]

Using Egq. (25), the Nusselt number under non-nominal conditions can be written as:

11
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Nu _ Re n 26
Nuo_(Reo) ’ (26)

where Nu, and Re, represent the Nusselt number and the Reynolds number under nominal conditions,
respectively.

Substitute Eq. (21) and Eq.(23) into Eq.(26) , and the convective heat transfer coefficient under non-nominal
conditions becomes:

h Aup_u_on

o o po K @7
Substitute Eq.(22) into Eq.(27):
h A m
CRERCee 2
Eq. (28) can also be written as:
h; m;
hio = x;(Ti)( mm)n ’ (29)

where i = 1, 2 represents the two sides of the heat exchanger. x; (T;) represents the air property under non-
nominal conditions and is a function of the air temperature:

Aoug
xi(T) = 7— (—;‘? )" (30)
L L

In HVAC systems, the air pressure usually lies around 1 bar. Dynamic viscosity u of dry air under a pressure
of 1 bar can be approximated linearly by [25]:

U =cs+c,(T—273.15), (31)
where ¢; = 1.706 X 1075, ¢, = 4.529 x 1078,
The thermal conductivity A of dry air at 1 bar can be approximated linearly by [25]:

A=cs+ce(T —273.15) , (32)
where ¢ = 2.453 x 1072, ¢, = 7.320 X 107°.
Substitute E£q.(31) and Eq. (32) into Eq. (30):

Cs + CG(TL - 273.15) C3 + C4(Ti'0 - 273.15) n
Cs + CG(Ti,O - 273.15) C3 + C4_(Tl - 273.15) '

xi(Ty) = (33)

12
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We use first order Taylor series to expand the function of x;(T;) in Eq. (33) with respect to the variable T; at
the temperature T; 5. We select T; o = 298.15K, which is a median value in the range of air temperature in an
HVAC system. Then, we get the approximated x;:
x; =1+ (2.7769 x 1073 — 2.4895 x 1073n)(T; — T;y) - (34)
Based on Egq. (33) and Egq. (34), the relative error of x; is:
s + cg(T; — 273.15) [c3 + ¢4 (Tyo — 273.15)1"

T eToa=27315) | & T &4 (T, =273.45) | ~ 1L+ (& = cm(T; = Tip)]

s + cg(T; — 273.15) [c3 + ¢4 (Tio — 273.15)1"
¢s +cs(Tio —273.15) [ c3 + ¢4 (T; — 273.15)

x 100%, (33)

e_X;

where ¢; = 2.7769 X 1073, ¢g = 2.4895 x 1073,

In HVAC systems, the air temperature T usually lies between 278.15 K and 318.15 K. For this temperature
range, we calculated the maximum value of the relative error e_x; for n € [0,1]. As shown in Fig. 3, the
maximum value of e_x; varies in a range of 0.653%~0.034%. So, we can come to the conclusion that Eq.(34)
approximates x; with a good accuracy. To avoid iteration, the air property function X; is calculated using the
air inlet temperature rather than the mean air temperature [9]:

x; = 1+ (27769 x 1073 — 2.4895 X 10730)( Ty — Tiino) - (36)

0.70

0.60

0.50

0.40

0.30

0.20

The maximum of e_x; at different n
(%)

0.10

0.00

Fig. 3. Maximum value of e_x; over n
According to Eq. (29), we have:

m;

(MchA) i = x;(=—)" (1chA) 10 - (37)

Mmio

Using Egq. (17), Eq. (18) and Eq. (37), Eq. (14) can be rewritten as:

13
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+ 1)(UA

it e T DUA
1
X1

r

mZ,O n '
i (D)

ml,O
Ry 4+ (e

Y

In Eq. (38), only the ratio  of (nshA) ;o values under nominal conditions remains unknown.

(38)

Since the cross sections of the heat exchanger are the same on both sides, the (nhA) ; o values are equal if and

only if the mass flows and air temperatures are the same [9]. This situation is represented by the superscript *

in following equations.

Let:

consequently, we have:
(mchA)1o = (MchA)zp -

Using Egq.(37), we have:

mi”)"(mhA) o
My ’

(MchA)i,0 = x1(

and

mz”)"(mhA) 20-
My ’

(MchA)z,0 = X(

Using Egq. (36), Eq. (39), Eq. (41) ,Eq. (42) and Egq. (43), Eq. (16) can be rewritten as:

i; ml,o n 1+ (C7 - an) (Tz*_o - Tz,in,o) ml,O
X iy, 14 (¢; — cgn)(Tyo — Tino)  Ma20

T =

)"

X

Let x= > then:
1

y= 1+ (¢ = cgn) (T30 — T2,in,0)
1+ (¢; — cgn)(T7y — Ty,iny0)

(39)
(40)

(41)

(42)

(43)

(44)

(45)

Let Ty = T, = 298.15K, which is the median value of the air temperature in an HVAC system. Then, we

get the approximated y:

1+ (c7 = ¢cgn)(298.15 = Ty n0)
X ¥ (& — can)(298.15 — Ty o)

Based on Eq. (45) and Eq. (46), the relative error of x is:

14
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L+ (¢ = cn) (T30 = Toino) 1+ (c7 = ¢5n)(298.15 = Ty n0)
1+ (e = cem)(Tyg — Tiimo) 1+ (c; — cgn)(298.15 — Ty o)
1+ (c; - Csn)(Tz*,o - T2,in,0)
1+ (c; = Csn)(Tf,o - Tl,in,o)

e_x X 100% . (47)

0.60

0.50

0.30

0.20

0.10

The maximum of e_ vy at different n
(%)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
n

Fig. 4. Maximum value of e_ y over n
As mentioned before, the air temperature T in HVAC systems usually lies between 278.15 K and 318.15 K.
For this temperature range, we calculated the maximum value of the relative error e_y for n € [0,1]. As shown
in Fig. 4, the maximum relative error varies in a range of 0.588%~0.007%. So, we can conclude that Eq. (46)
approximates y with a good accuracy.
Thus, Eq.(44) can be rewritten as:

_ 1+4(2.7769 x 1073 — 2.4895 x 10721)(298.15 — T, 1,0) 7ty
" T 14 (27769 x 103 — 2.4895 x 10-31)(298.15 — Tyino) Mz

. (48)

Then, using nominal inputs 1, o, M0, T1inos T2,n0, the values of r and (UA) , can be calculated. Finally,
the UA values under non-nominal conditions are calculated with Eq. (38). As long as we know the UA values,
we can get the heat transfer rate Q and outlet temperatures T; oue of both sides under non-nominal conditions
with Eq. (7) ~ Eq.(12).

Although the heat transfer module is based on heat transfer correlations of PFHEs, it could also be used in the
modeling of other types of air-to-air heat exchangers if the following conditions are met. Firstly, two sides of
the heat exchanger should have the same geometric structure and dimension, so that the same heat transfer

correlation can be used. If not so, Eq. (48) cannot be derived. Secondly, the correlation of the heat transfer
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factor should have the following form: j=c;c,Re™ or Nu = CRe™ (n = m + 1). Thirdly, there should be no

dehumidification during the heat transfer process.

2.2.2 Flow Resistance Module
Based on the literature [5, 6, 22, 28-31], the correlation of the friction factor f in different PFHEs can be written
as:

f = kik,ReV, (49)

where f is the friction factor, k, is a constant real number, k, is a constant that only depends on the geometry
of the heat exchanger, and N is the exponent of Reynolds number Re.
Table 3 lists some correlations of the friction factor f and the corresponding N values for different fin types.
Based on the literature [5, 6, 22, 28-31], N usually lies between -1 and 0. When choosing the value of N without
sample data or test data at hand, special attention should be paid. For example, the form of the correlation should
be as in Eq. (49). Other considerations are similar to those when choosing the values of m and n in the heat
transfer calculation.

Table 3. Correlations of friction factor f for different fin types

Fin type f N Range of Re References
Plain fin f=3.479k,Re 0389 -0.389 600 < Re < 8000 [6]
Wavy fin f = 1.16k,Re™39 -0.309 600 < Re <7000 [6]
f =7.661k,Re” %712 0712 Re <1000
Offset fin [38]
f =1.136k,Re %198  -0.198 Re = 2000
Louvered fin f = kyRe;) 78 -0.781 50 < Re;;, <500 [28]

According to Dong [6], the friction factor f'can be expressed as:

=) B - -2), (50

pu?

where 4 is the total heat exchange surface area, 4,,;, is the minimum flow area, AP is the pressure drop, {, and

{, are the pressure loss coefficients caused by the abrupt narrowing and widening of the circulation area,
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281 respectively. Since . and {, have little influence on the calculation of f [6], they can be ignored so that Eq.(50)

282  can be further simplified as:

- () 222).

283  According to Eq.(21), Eq. (22), Eq.(49) and Eq. (51), we get:

AL 1 N+2
284  Let:
N
K = 0.5k.k, ( N+3> = constant . (53)
min

285  Then, Eq.(52) can be rewritten as:
L ez
4P = K i +2. (54)

286 Based on Eq.(54), the ratio of the pressure drops under non-nominal conditions AP to that under nominal

287  condition AP, can be expressed as:

AP _ po o N m N+2
_ N2 | 55
P, p (,u) (mo) (35)
288  For ideal gases, there is:
P
_ 56
p=pr (56)

289 where P is the total pressure of air, R is the ideal gas constant, T is the air temperature.

290  Substitute Eq.(56) and Eq.(31) into Eq(55) and we get:

(57)

AP, T [c3 + ¢4 (T — 273.15) N( m; )”“

APy Tio Lcg + cu(T; — 273.15) Mo

291  where i = 1, 2 represents the two sides of the heat exchanger.
292 Let:

T, [cs + (T — 273.15)1"
xf,i(Ti) — i 3 4( 1,0 ) ) (58)
Tio Lcs + cy(T; — 273.15)

293 where xg; represents the air property as a function of the air temperature. Then Eq.(57) can be rewritten as:
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APy % mi,o) ' (%)
We use first order Taylor series to expand the function of x;;(T;) in Eq.(58) with respect to the variable T; at

the temperature T; 5. We select T; o = 298.15K, which is a median value in the range of the air temperature in

an HVAC system. Then, we get the approximated x; ;:

xr; ~ 1+ (3.3540 x 1073 — 2.4895 X 1073N)( T; — Tp) - (60)

Based on Eq.(58) and Eq. (60), the relative error of x;(T) is:

T, [cs + ca(Tyo — 273.15)1"
To [ e (T =27345) ]~ 1+ (@ = coN)(Ti = Tio)]

X 100%, (61)

T, [cs + ca(Tyo — 273.15)1"
H[ Cs ¥ C4(T; — 273.15)

where ¢y = 3.3540 x 1073, ¢;, = 2.4895 x 1073,

In HVAC systems, the air temperature T often lies between 278.15 K and 318.15 K. For this temperature range,
we calculated the maximum value of the relative error e_xy; for N€ [-1, 0]. As shown in Fig. 5, the maximum
value of relative error e_xy ; lies in a range of 0.965%~3.619%. So, we can come to the conclusion that E£q. (60)
approximates x;; with a good accuracy. To avoid iteration, the air property x¢; is calculated using the air inlet

temperature rather than the mean air temperature [9]. So, Eq. (60) can be rewritten as:

Xp; ~ 1+ (3.3540 X 1073 — 2.4895 X 103N)( Ty n — Tiimo) - (62)
3.50
=
S 3.00
~
S
3 2.50
S
S 2.00
I
%x
= 1.50
S
S
g 1.00
g
2
&~ 0.50

0 -1 -02 -03 -04 -05 -06 -07 -08 -09 -1
N

Fig. 5. Maximum value of e_x; over N
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In this way, the pressure drop 4P; under non-nominal conditions could be obtained using £q.(59), Eq. (62) and
the inlet temperature T; ;;, o, the mass flow rate m;  and the pressure drop 4P; ; under nominal conditions.

Although the flow resistance module is based on the friction factor correlations of PFHEs, it could also be used
in the modeling of other types of air-to-air heat exchangers, as long as the correlations have the following forms:

f=kik;Re" and f = (Apin/ A)(2 AP/ pu?).

3 Implementation of the New PFHE Model in Modelica

3.1 Introduction of Modelica and Modelica Buildings Library

Modelica is an equation-based, object-oriented modeling language. It is a new paradigm for building energy
modeling, simulation, and optimization [39]. Compared to traditional building simulation programs, Modelica-
based modeling and simulation have the following characteristics [40]: efficient numerical solution, good
management of complex large systems, simulation of dynamic effects, use of models beyond time domain
simulation, and use of models in conjunction with optimization algorithms. Due to these advantages, the new
PFHE model is developed using Modelica.

Based on Modelica, Lawrence Berkeley National Laboratory (LBNL) developed the free open-source library
Modelica Buildings Library [16]. This library supports rapid prototyping, as well as design and operation of
building energy and control systems such as HVAC systems [16, 41-47]. It offers great convenience for users
to implement building energy system modeling and simulation. The proposed air-to-air PFHE model without

dehumidification is implemented based on this library.

3.2 Implementation of Air-to-Air PFHE

3.2.1 Structure of Model Implementation

Fig. 6 shows the hierarchical structure of the Air-to-air PFHE model. It consists of two main top-level blocks:
the 74 block and the E-NTU block. At the bottom-level of the model, there are four sub-blocks: E-NTU
calculator, Q-calculator, Static conservation equation and Flow resistance. The combination of the 44 block,
E-NTU calculator sub-block, Q-calculator sub-block and Static conservation equation sub-block implements
the function of the heat transfer module. While the flow resistance sub-block implements the function of the

flow resistance module independently.
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Fig. 6. Hierarchical structure of the Air-to-air PFHE model

Fig. 7 shows the icon and detailed top-level structure of the Air-fo-air PFHE model in Modelica. The air inlets

and outlets enable the connection of the PFHE model to an HVAC system. The two mass flow rate sensor

blocks measure the mass flow rates 1, and m,, two temperature sensor blocks measure the inlet temperatures

T, in and T, ;;,. These measurements are then exported to the 24 block and the E-NTU block. The /44 block is

used to calculate the heat conductivities of two sides of the heat exchanger and exports the results to the E-NTU

block. The function of the E-NTU block is to calculate UA, NTU, €, Q and AP; under non-nominal conditions.

Air-to-air
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port_al

Air inlet
of side 1

of side 2

port_al H m )
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Va _/ —
Air inlet H H senMasFlol semTeml
of side 1 1 1 Mass flow Temperature
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(a) Icon of the Air-to-air PFHE model
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Temperature Mass flow
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(b) Detailed top-level structure of the Air-to-air PFHE model

Fig. 7. Diagram of the air-to-air PFHE model in Modelica

Fig. 8 shows the detailed structure of the E-NTU block. There are four main sub-blocks: E-NTU calculator, Q-

calculator, Static conservation equation, and Flow resistance, corresponding to the bottom-level of the
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343 hierarchical structure shown in Fig. 6. The E-NTU calculator sub-block is used to calculate UA, NTU and &
344  under non-nominal conditions. These results are then exported to the O-calculator sub-block, which is used to
345 calculate the heat transfer rate Q; and outlet temperature Ty, ; on both sides of the heat exchanger. The heat
346  transfer rate Q; is imported into Static conservation equation I and Static conservation equation 2 sub-blocks.
347 These blocks implement a steady-state conservation equation for energy and mass fractions and calculate the
348  outlet variables of the heat exchanger. Flow resistance I sub-block and Flow resistance 2 sub-block are used

349  to calculate the pressure drops 4P; and AP, on both sides of the heat exchanger.

T m; (nhA),

Static conservation
equation 1 ' ' '
i |

' [
.. ' I
Airinlet : I ' Air outlet
of Slde 1 : E | E . Of Side 1
O : . i
1 staticTwoPortConservationEquationl HL >
portal yFlow resistance I ' port_bl
1 1 L
' i
: ! Effectiveness | E '
1 1 ‘_j 1!
0 ¢ ----- v )
g q [CoogENTU DI
_—— E—:—:-._'— calculator: --o
) SEWAR L i
! Q-calculator R
. )
1 staticTwoPorlConservalionEquatio‘nZ- ------ ' I E : FIOW reSIStancez
port b2 1 : I i E «-, port_a2
; @
Air outlet ; :-------i-' : ' Air inlet
of side 2 [ S A S + of side 2
Static conservation ' :
equation 2 A A
350 Ty My (Mthd),
351 Fig. 8. Diagram of the E-NTU block in Modelica

352  3.2.2 Heat Transfer Module

353  As mentioned above, the heat transfer module is composed of the h4 block, E-NTU calculator sub-block,
354 QO calculator sub-block and Static conservation equation sub-block (as Fig. 8). The combination of these blocks
355 conducts the heat transfer calculation based on the mathematical model described in Section 2.2.1. The

356  corresponding inputs, outputs, and applied equations of this module are listed in Table 4.
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357 Table 4. Variables and equations of the heat transfer module

Parameters: n (or m,n = m + 1),my 4, My 0, T1.in0 T2.in0 Qo flow arrangement

Input variables: T, ;,,, T, i, 4, M,

No. Input Equation Output
1 My 0, M7,0, Cp (3), (5) and (9) C1,0: C2,0,Cmin,0» Cmax,00 Reo
2 Conin,o» Trin0 Ta,in0 4) Qmax,0
3 QO! Qmax,o (1) €o
4 €0, Rc o, flow arrangement (8) NTU,
5 NTUy, Cin,o (7) (UA)o
6 N, Tins T2,in0 T2.in,00 T2.in0 (36) X1, Xz
7 n, My 0, M3,0, T1.im,00 T2.im,0 (48) r
8 T, M, 1My o, My 0, X1, X2, My, My, (UA)o (38) UA
9 my , My, Cp (3), (5) and (9) Cy, CZ,Cmin: Cmax: Rc
10 UA, Cpin (7) NTU
11 NTU, R, flow arrangement (8) £
12 Conins €1, Toins Toin € (10) Ty out
13 Ci, Tyins Trout (11) Q
14 Tyins C2, Q (12) T2 0ut

358  3.2.3 Flow Resistance Module

359 As mentioned above, the flow resistance sub-block implements the function of the flow resistance module. In
360 Fig. 8, there are two flow resistance sub-blocks under the E-NTU block. They are used to calculate the pressure
361 drops of two sides of the heat exchanger based on the mathematical model described in Section 2.2.2. The
362 corresponding inputs, outputs, and applied equations of this module are listed in Table 5.

363 Table 5. Variables and equations of flow resistance module

Parameters: T, i, o, T in 0 » 1,0, M20,, APy g, AP, 5, N
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365
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377
378

379

380

Input Variables: T, ;,,, T, i, M4, 1,

No. Input Equation Output
1 T4 in00 T2,in,00 T2,in> T2,im» 1,0, Mg 0, N (62) Xf,1, Xf,2
2 Xf 1, Xp 2, APy g, AP, o, My, My, N (59) AP, , AP,
4 Model Evaluation

In this section, the heat transfer module and the flow resistance module are evaluated separately as they are
independent of each other. Two different methods are used to determine parameter n in the validation of the
heat transfer module and parameter N in the validation of the flow resistance module. Parameter n was chosen
from literature and parameter N was determined by calibration with the experimental data.

4.1 Evaluation of the Heat Transfer Module

4.1.1 Introduction of the Experimental Platform

The experimental data from the literature [48] are used to validate the proposed heat transfer module. Fig. 9
shows the system diagram of the experimental platform. The system consists of Fan 1, Fan 2, Air heater,
Dampers, PFHE and a control system. The Air heater is used to raise the air inlet temperature on side 1. T-
shape thermocouples are distributed evenly on the duct sections at the inlet and the outlet of the heat exchanger
to acquire the average air temperature. The measurement accuracy is +£0.1K. Six hot-wire anemometers are
installed evenly on the duct sections on both sides to obtain the average wind speed, with an accuracy
of £0.05m/s. The PFHE is a cross flow type with plain fins. We estimated the Reynolds number in this

experiment lies approximately between 600 and 1700. The experimental results are listed in Table 6.

Damper 1
n y O
o)X — | =3 1
" Air heater ' + '
Fan 1
Inlet air temperature test 2 1T
Inlet air flow rate test 2

Inlet air flow rate test 1
Inlet air temperature test 1

— - 1y, Ty [EF2 E—

T/ out
PFHE * : Outlet air temperature test 2

| Damper 2 Outlet air temperature test 1

= =1
- ]

Fig. 9. System diagram of the experimental platform [48]
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Table 6 Experiment results of PFHE [48]

Air of side 1 Air of side 2 B
1) Imbalance
Case ml Tl,in Tl,out Q1 mz TZ,in TZ,out Qz
w) rate @
(kg/s) (K (K) w) (kg/s) (K) (K) w)

1 0.33 308.39 304.70 1230 0.33 300.30  304.09 1260 1245 2.44%
2 0.4 308.40 304.83 1440 0.4 300.20  303.62 1380 1410 4.17%
3 0.5 308.43 304.89 1790 0.5 300.42 303.83 1720 1755 391%
4 0.6 308.46 304.87 2180 0.6 300.32  303.78 2100 2140 3.67%
5 0.67 308.60 305.10 2370 0.67 30040 303.73 2250 2310 5.06%
6 0.73 309.16 305.69 2560 0.73 300.34 303.76 2520 2540 1.56%
7 0.83 309.60 305.77 3210 0.83 300.50 304.16 3070 3140 4.36%

Note: 1) é is mean value of Q; and Q,; 2) the definition of imbalance is: ¢ = lQ%QZ' X 100%.

4.1.2 Validation Results

As mentioned before, the range of Reynolds number in this experiment is approximately 600~1700 and the fin

is plain fin. According to Table 2, we chose the exponent m of the heat transfer factor j from the literature

[6]:m = —0.3345,n = m + 1 = 0.6655. As mentioned in Section 2.1, the nominal condition is definite and

decided by the users in design phase. Here, from Table 6, we chose Case 6 of minimum imbalance rate as the

nominal condition and the corresponding nominal parameters are: Q, = 25400/, myo = 0.73kg/s, myo =

0.73kg/s, Ty ino = 309.16K, T; ;,, o = 300.34K. We define the non-dimensional outlet temperature 9J; 4,,; on

side 1 and 9, ,,,; on side 2 as:

and

I92,011.t

_ Tl,in - Tl,out
- )
Tl,in - T2,in

_ Tz,out - Tz,in

)
Tl,in - Tz,in

respectively. The simulation results are shown in Fig. 10~Fig. 12.
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Fig. 12. Comparison of Q between simulation and measurement
Fig. 10 shows the comparison of the non-dimensional outlet temperature ¥; ,,, on side 1 between simulation
results and the measurements. It can be seen from the figure that the differences between simulation and
measurement are small and the largest deviation occurs at Case7, where the absolute deviation of 9y ,,,¢ 15 0.042
and the relative deviation is 9.92%. Fig. 11 shows the comparison of the non-dimensional outlet temperature
3 0ue ON side 2. The largest deviation occurs at Case 7, where the absolute deviation of 9, ,,,, is 0.023 and the
relative deviation is 5.74%. As can be seen from Fig. /0 and Fig. /1, some cases (e.g. Case 3~5 in Fig. /0, Case
4 and 7 in Fig. 11) show larger deviations of 9, 4, and ¥, ,,, between the simulation results and the
measurements. The reason lies in that in the model, the calculation of 9, ,,,¢ and 9, 4, is dependent on four
temperature variables: Ty iy, T2 in, T1 0yt and T oy The errors of the simulation results of the four variables
might accumulate during the calculation of the non-dimensional outlet temperatures. On the other hand, the
measurement data used to validate the model are obtained by experimental equipment, which usually have
systematic error and random error. Hence, it is difficult to ensure the consistency between the simulation results
and the measurements for each case. However, generally speaking, the relative deviation of the simulation

results from the experimental data is controlled within 10%. Fig. 12 shows the comparison of heat transfer Q
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between simulation results and experimental results (5 é is the mean value of heat transfer on both sides of the
heat exchanger. It is indicated by the figure that the difference between the simulation and the experiment is
small. The largest deviation occurs at Case 7, where the absolute deviation of heat transfer is 238W and the
relative deviation is 7.58%. As shown in the above results, the heat transfer module simulates PFHEs with a
relative deviation smaller than 10%.

4.2 Evaluation of the Flow Resistance Module

4.2.1 Introduction of the Experimental Platform

The experimental data from the literature [36] are used to validate the proposed flow resistance module. The
PFHE used in the experiment consists of plain fins in hot-pass and wavy fins in cold-pass. The air pressure on
the hot-side is far beyond 1 bar, which goes beyond the pressure scope of the resistance module in this paper.
Hence, we only used the experimental data for the cold side to validate the module. Fig. 13 shows the scheme
of the wind tunnel of cold-pass as the experimental platform. The component Pressure difference test is used
to test the pressure drop Dp in the PFHE. The inlet and outlet pressures are measured by pressure sensors with
a tolerance of +0.25%. The temperature measuring nets with a standard uncertainty of +0.5K. The whole

measurement uncertainty lies in the range of —2% ~ +2%. The experimental results of the cold pass are listed

in Table 7.
Iqlet air temperature test Pressure differer%%l:@mperamre test *
Air flow rate test Air outlet
D,
—
Air inlet ° °
< : Fan
Former stable section Back stable section
Fig. 13. Experimental platform [36]
Table 7 Experiment results of the cold pass (wavy fins) [36]
Air velocity V Flow rate m Inlet temperature Pressure drop
Case
(m/s) (kg/s) Tin(K) Dp(Pa)
1 2.0 0.219 285.25 11.00
2 4.5 0.492 287.55 36.00
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433
434
435
436
437
438
439
440

441
442
443
444
445
446

3 2.0
4 45
5 8.0
6 2.0
7 8.0
8 45
9 8.0

0.219

0.492

0.876

0.219

0.876

0.492

0.876

288.05

288.65

289.15

288.05

288.55

287.55

287.85

11.00

36.00

85.00

11.00

85.00

35.00

84.00

4.2.2 Calibration

Instead of choosing the friction factor exponent N from literature, we used part of the measurements in Table 7
to calibrate the value of N, so that the simulation results better fit the experimental results. As mentioned in
Section 2.1, the nominal condition is definite and decided by the users in design phase. Here, we select one of
these conditions of maximum mass flow rate as nominal condition. From Table 7, we chose Case 9 as the
nominal condition. The nominal parameters are as follows: m, = 0.876kg/s, T, = 287.85K, Dp, = 84Pa.
Then, Case 1~Case 4 were used to calibrate N. Substituting the flow rate, inlet temperature and pressure drop

of each chosen case and the nominal data into Eq. (59) and Eq. (62), we can get the N value in each chosen

case. Calculating the average of these four N values, we get the calibrated N value of -0.5315.

4.2.3 Validation Results

Case 5~Case 8 were used to validate the flow resistance module. The validation results are shown in Fig. 14.
From the figure, we can see that the simulation results of pressure drop Dp are close to the experimental data.
The largest deviation occurs at Case 8, where the absolute deviation is 1.03 Pa and the relative deviation is

2.96%. So, we can conclude that the proposed flow resistance module simulates the PFHE with a reasonable

relative deviation.
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Fig. 14. Comparison of Dp between simulation and measurement

5 Conclusion

In this paper, a new air-to-air PFHE model is proposed, which can calculate both heat transfer and flow
resistance. Mathematical models for the two parts are first built. Then, the model is using the object-oriented
language Modelica. Existing experimental data from the literature are used to evaluate the heat transfer module
and the flow resistance module, respectively. The results show that the new model can simulate air-to-air PFHEs
within reasonable deviation.

This new model considers the impact of the changing air flow rate and temperature. It is capable of predicting
part-load behavior with only nominal data, which are accessible in the design phase. The new model does not
need geometric data as inputs or require numerical discretization, which makes it computationally more
efficient than models using finite-element method. Besides plate-fin heat exchangers, the new model can be
used to calculate the heat transfer of other kinds of air-to-air heat exchangers, if only the correlations have the
form of j=c,c,Re™ or Nu = CRe™ and no dehumidification is considered. Similarly, it can also calculate the
pressure drop of other kinds of air-to-air heat exchangers, if only the correlations have the following form:
f=kikyRe" and f = (Amin/ A)(2 AP/ pu?).

So far, this new model can only be applied for dry conditions. As the next step, the PFHE model with

dehumidification will be developed.
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