S =
i" ”

LBNL-42354

. ERNEST ORLANDO LAWRENCE
BERKELEY NATIONAL LABORATORY

BERKELEY LAa8

=

Simulation M(idel Air-to-Air
Plate Heat Exchanger

Michael Wetter

Environmental Energy
' - Technologies Division

1 | January 1999

-,

o A e A I RO T
Y SR R PR
N NGRS AR

-~

212 nd2JL)
10N saoq

| AdOD 3ON3N3I43Y |

e T
‘, c L e chd RNt B
R " i L RSOy PR PR
? 2 K € 2o )
'a V - N ' ., o 3 - 3 s
. Iy . ERE, 0 QE;‘ ] 2 2 4 st e
: : Are¥g. - oo & X ST e i
Y - 1] Atia w 5 ‘ﬁ;‘ ATES : A 154 .
JLeys d L JRgth ; ) REMOL ¢ A .
L] 1:). 0 X . A ' i i. ety b2 X
¢ ; > i AR . i'_ - o A H AT .
- feh: 4 O
»> l. a :"4
X 7 e Ga.
2 S

T Auoreaode] |euoLieN
394 - Aueuqi] @5 "6pLe
1 Adojp

WPSEZ2h=ING

'
i
i




DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct iriformation, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California. :



LBNL-42354

Simulation Model
Air-to-Air Plate Heat Exchanger

Michael Wetter*

Simulation Research Group
Building Technologies Department
Environmental Energy Technologies Division
Lawrence Berkeley National Laboratory
Berkeley, CA 94720

January 1999

* Visiting Researcher. This work was sponsored by a grant from the Swiss Academy of Engineering
Sciences (SATW) and the Swiss National Science Foundation (SNSF). This work was partially supported
by the Assistant Secretary for Energy Efficiency and Renewable Energy, Office of Building Technology,
State and Community Programs, Office of Building Systems of the U.S. Department of Energy under
Contract No. DE-AC03-76SF00098.




Simulation Model
Air-to-Air Plate Heat Exchanger

November 1998

Note:

This model will be a part of the HVAC component and system library
for the SPARK simulation program.

The library is currently under development.

Simulation Research Group
Building Technologies Department
Environmental Energy Technologies Division
Lawrence Berkeley National Laboratory
Berkeley, CA 94720

Michael Wetter
Visiting Scientist




Air-to-Air Plate Heat Exchanger

Abstract

A simple simulation model of an air-to-air plate
heat exchanger is presented. The model belongs
to a collection of simulation models that allows
the efficient computer simulation of heating,
ventilation, and air-conditioning (HVAC)
systems. The main emphasis of the models is to
shorten computation time and to use only input
data that are known in the design process of an
HVAC system. The target of the models is to
describe the behavior of HVAC components in
the part-load operation mode, which is becoming
increasingly important in energy efficient HVAC
systems. The models are intended to be used for
yearly energy calculations or load calculations
with time steps of about 10 minutes or larger.
Short- time dynamic effects, which are of interest
for different aspects of control theory, are
neglected.

The part-load behavior is expressed in terms of
the nominal condition and the dimensionless
variation of the heat transfer with change of
mass flow and temperature. The effectiveness-
NTU relations are used to parametrize the
convective heat transfer at nominal conditions
and to compute the part-load condition. If the
heat transfer coefficients on the two exchanger
sides are not equal (i.e. due to partial bypassing
of air), their ratio can be easily calculated and
set as a parameter. The model is static and uses
explicit equations only.

The explicit model formulation ensures short
computation time and numerical stability, which
allows using the model with sophisticated
engineering methods like automatic system
optimization. This paper fully outlines the
algorithm description and its simplifications. It
is not tailored for any particular simulation
program fo ensure easy implementation in any
simulation program.

Introduction

Many computer simulation models are based on
input data that are hard to obtain by the HVAC
system designer. The models are usually
developed for research work rather than for
system design and most of the models are rather
complex. Only a few have been broken down
into the most important laws that describe their
physical behavior accurately enough for system
design.

The available models for air-to-air plate heat
exchangers usually do not take the dependence
of the convective heat transfer coefficient on the
air mass flow and temperature into account
({Brandemuehl et.al. 93], [TRNSYS 96)).
However, this dependence should not be
neglected if the air flow over the heat exchanger
varies, which is the case in HVAC systems with
variable volume flow (VAV systems) or in
systems where the heat exchanger is installed in
series with a mixing box.

The model that has been developed describes the
steady-state part load behavior using a
dimensionless variation of the heat transfers
based on nominal conditions. First, the
dependence of the convective heat transfer
coefficient on the mass flow variation and
temperature variation is taken into account.
Second, the nominal heat transfer coefficients are
calculated based on the nominal boundary
conditions (inlet mass flows and temperatures
and supply air outlet temperature).

An iteration is only required during the model
initialization if the model is used as a cross flow
heat exchanger with both streams unmixed. For
all other flow configurations, no iteration is
required. The numerical solution has to be done
only once during the whole simulation.
Convergence of the numerical solution is
guaranteed.




General Description

We describe a model for the static behavior of a
plate air-to-air heat exchanger without
condensation. The main purpose of this model is
to calculate the yearly energy consumption of an
HVAC system. The algorithm is based on only
those data that are known in the design of an
HVAC system. No geometrical data for the heat
exchanger are required. The model allows
different mass flows on each side of the heat
exchanger and a variation of the mass flow over
time. The ratio between the heat transfer, (h-4),
on both sides of the exchanger can be setas a
parameter. The ratio can easily be calculated if
both cross sections of the exchanger are equal as
a function of the mass flow and temperature
only. If the cross sections are not equal on both
sides, e.g., due to different air flows, then good
heat exchanger design attempts to achieve a ratio
of the (h-A) values equal to one. This is usually
done by increasing the contact surface on one
side.

Condensation is not taken into account since -
due to the small number of hours per year that
condensation occurs - the latent energy gain has
a negligible impact on the yearly energy
consumption in most HVAC systems
[Juettemann 84]. However, for special cases
(e.g., indoor swimming pools, some industrial
processes and tropical climates), this
simplification leads to an under-estimate of the
amount of recoverable energy. Care has also
been taken if condensation occurs when the
supply entry temperature is below the freezing
point. In this case, special precautions have to be
taken (e.g., preheating or partially bypassing the
supply air).

Simplifications

e  static model

e no condensation
e fouling neglected

e thermal resistance of the heat exchanger
material neglected

e o leakage air flow

e no heat loss to the environment

Abbreviation

Variables

£ exchanger heat transfer effectiveness

K¢l Celsius temperature

P density

A area

C capacity rate

c specific heat capacity
convective heat transfer coefficient

m mass flow

NTU number of exchanger heat transfer
units

)4 absolute pressure

R ideal gas constant

r ratio of heat transfer

T absolute temperature

U heat transfer coefficient

14 velocity

0] heat transfer rate

zZ capacity rate ratio

Subscripts

0 nominal (design) point

1 air stream 1

2 air stream 2

avg average

in inlet

max maximum

min minimum

out outlet

p constant pressure

r room temperature




Mathematical Description

A cross flow heat exchanger is shown
schematically in Fig. 1. The numerical indices in
the following equations refer to Fig. 1.

1,in 2,in
supply exhaust
air air

2, out 1, out

Fig. 1: Cross flow exchanger

Exchanger Heat Transfer Effectiveness

'The dimensionless exchanger heat transfer
effectiveness, €, is defined as the actual heat
transfer divided by the maximum possible heat
transfer [ASHRAE 85]:

Q
Qmax

E =

Eq. 1

Assuming that there is no leakage flow, no heat
loss and no phase change, the enthalpy
differences across the supply and exhaust air
streams are equal. Hence, the heat transfer can be
expressed as

Q = Cx (‘91,014: - ‘91,in )= Cz (‘92,in - ‘92,our)
Eq.2

where C is defined as the capacity flow:
C=mc,
Eq. 3

The maximum heat exchange is given by the

product of the lower capacity flow and the inlet -

temperature difference, i.e.,

Qmax =C.'min "92 -G

1,in

Jin
Eq. 4
where C,,;, is the lower capacity rate.

Substituting Eq. 2 and Eq. 4 into Eq. 1, the
exchanger heat transfer effectiveness can be
computed as

= C.'1 (lgl,in - "91,out)

- Cmin ('91,in - ‘92,in)

and, analogously,

¢2. ('92,1'" - l92,0141)
Coin (Sin = %)

E =

where Cp, is the lower capacity rate:

Coin = min(C'l, C"Z)

Eq.5

Eq. 6

Eq.7




Number of Exchanger Heat Transfer
Units

with the dimensionless capacity rate ratio

The effectiveness can also be calculated as a 7= Cmm
function of the NTU value, the capacity rate ratio - C
and the heat exchanger configuration (counter-, max
cross- or parallel flow, mixed or unmixed) Eq.9
e=f (NTU , Z, flow arrangement) and the dimensionless number of transfer units
Eq. 8 U, A
NTU =
Cmin
Eq. 10
Table 1 shows the different equations according
to heat exchanger configuration and capacity rate
ratio.
counter flow 1—e MY (1-z)

NTU(Z #1) = zl 1 m(ll'gz)
- —-&

il )

Eq. 11 Eq. 12
Possible range: 0<&<1
parallel flow 1- e~ NTU (1+2) N B ]n(_ c—e7Z+ 1)
T 1+Z Z+1
Eq. 13 Eq. 14
. 1
Possiblerange: 0<¢g<
1+Z

cross flow,

-NIU Z n _ 1
both streams &=1-—exp| ————
unmixed Zn

with n = NTU °%

NTU = f(&,NTU,Z)
Eq. 16

must be solved numerically. However, the
solution is unique (see Fig. 2).

Eq. 15
Possible range: 0<¢g<1
for all lime =1-e MY
configurations | z-o0
Eq. 17

Tab. 1: Equations for the exchanger heat transfer effectiveness & and its inverse for NTU for different heat
exchanger configurations (Eq. 11, see {Kays, London 84], Eq. 13 see [Holman 76], Eq. 15 see

[Incropera, DeWitt 90])




As shown later, we calculate our model at the
nominal point, NTUj,, as a function of &y, which
is calculated from Eq. 5. If the user enters wrong
input values for Eq. 5, the logarithms in the
equations for evaluating NTUj as a function of g,
could become undefined. However, to detect
these wrong inputs, €, can easily be checked
against the bounds listed in Table 1 before
proceeding with the NTU, calculations.

Eq. 15 is exact only for Z = 1, but can be used

for 0 < Z < 1 as an excellent approximation
[Incropera, DeWitt 90].

epsilon

To guarantee convergence of Eq. 16, it can be
rewritten in the form
—NTU®™ Z
-1
e v

Eq. 18

and solved for NTU using an algorithm such as
Regula Falsi or Bisection. The efficiency of the
algorithm is not critical since Eq. 18 has to be
solved only once during the whole simulation.

Fig. 2: Exchanger heat transfer effectiveness & for cross flow heat exchangers, both streams unmixed

(Eq. 15)




Outlet Temperatures

Once the effectiveness, €, is known, the outlet
temperature of fluid 1 can be calculated using

C..
=80 S22 (0,3,

1out Lin
1

Eq. 19
The heat transferred then becomes
Q = Cl ('91,0141 - "91,in )
Eq. 20
and the outlet temperature of fluid 2 is
0
l92,oz4t = '92,in A
Cz
Eq. 21

Heat Transfer

The number of transfer units, NTU, depends on
the product of the heat exchanger area and the
overall coefficient of heat transfer from fluid to
fluid.

(UnygA) is calculated as
1

Vs 4)= 1 1 1
(74) (o). ),

Eq. 22

where indices 1 and 2 refer to the two air sides
and A is the corresponding area that the heat
transfer coefficients are based on.

The thermal resistance of the two convective
heat exchanges denominate the overall heat
transfer:

1 1 1
— <|—| +|—
(UA)metal (hA)l (h AJZ

Eq. 23

Hence, Eq. 22 can be approximated by

e

&
+ _—
hd)
Eq. 24

The ratio, r, of the convective heat transfer
coefficients at nominal conditions can be defined
as

U,, 4)~

avg

Definition:
_(r4),
=
(h 4),,

Eq. 25

Using Eq. 24 and Eq. 25, the (h-4), values at
nominal conditions can be written as

(h A)I,O = (r +1) (Uavg A)o
Eq. 26

and

(h A)z,o = (7‘ : 1) (Uavg A)o

Eq. 27

Eq. 8 can be solved for the number of transfer
units at the nominal operation point:

NTU, = f(&,, Z, flow)
' Eq. 28

where & is known from the boundary condition
(Eq. 5) at the nominal operation point. (See
Table 1 for the corresponding formula of Eq.
28.)




Once NTU, is known, (U,z4), can be expressed
by using Eq. 10:

(U, 4), =NTU, C

min,0

Eq. 29

The number of transfer units, NTU, depends on
the convective heat transfer coefficients, 4;,
which are a function of the air velocity.
McAdams [McAdams 54] gives an
approximation for the convective heat transfer
for forced convection. The approximation is
based on the measurements of Jurges at room
temperature and atrmospheric pressure [Jurges
24]. The approximation for the convective heat
transfer coefficient in [W/(m?*K)] is

h=72V°" forV =5t030[m/s]
Eq. 30

where V is the air velocity along the plate. In
HVAC applications, the air velocity is less than
30 m/s. However - particularly in variable
volume systems - the air velocity can drop below
5 m/s. In this model, Eq. 30 is nonetheless
applied for all air velocities. Fig. 3 shows the
error of applying Eq. 30 rather than the linear
approximation proposed in [ASHRAE 85].

It can be seen that the error of using Eq. 30 over
the whole range of the air velocity lies in an
acceptable band for usual HVAC simulations.

----ASHRAE —— Extrapolation of used comelation]

[%
o

N
o

\

-

o
\

\

h [WHm™K)]

-
o
\

V [m/s] along plate

Fig. 3: Comparison between proposed
correlation for h according to [ASHRAE
85] and extrapolated correlation.

Since mass velocity is the fundamental variable
in forced-convection equations, Schack
recommends that the velocity should be
corrected according to the ideal gas law for
temperatures away from room temperature
(70°F, 21.1°C) [McAdams 1954].

The velocity along the plate can be expressed by

Eq. 31

where A, is the cross sectional area and pis the
air density, which, for an ideal gas, is

Eq. 32
with
T=8+273.15

Eq. 33

Substituting Eq. 31 and Eq. 32 into Eq. 30 gives
the convective heat transfer coefficient as

RT 0.78
=721 2L
flow p
Eq. 34
Using Eq. 34, the (h-4); value can also be
expressed as
. RT 078
(hd),,=4,72 [i”———}
flow p i0
Eq. 35
and
. RT 0.78
(n 4), =4, 72| 222
Slow p i
Eq. 36

respectively.




Dividing Eq. 36 and Eq. 35 gives

(ha), (1), )"
nd), (a7

Eq. 37

After inserting Eq. 37 (applied fori=1 and 2,
respectively) into Eq. 24 and using Eq. 26 and
Eq. 27 to express the convective heat transfer in
terms of its ratio at the nominal conditions and
the overall heat transfer at the nominal condition,
the overall heat transfer at a given operation
point can be calculated by

w.. 4)- U., 4), (+7)

Eq. 38

In Eq. 38 the density correction is done by using
the inlet temperatures as an approximation to the
mean air temperatures along the heat exchanger.

We are now left with determining the ratio, r, of
the (h-A), values at the nominal conditions.

One of the main goals of good heat exchanger
design is to ensure that

hAlO hA 20
Eq.39

This equality can be assumed to be obtained for
plate heat exchangers with the same cross
sections for fluid 1 and 2 when operated with
same fluid velocities. In this case the ratio, 7,
equals 1.

However, it is often the case that the mass flows
are not equal, due to partial bypassing of exhaust
air. Another situation where the ratio, , is not
equal to 1 is if the air temperature and hence the
velocities (if equality of the mass flows is
assumed) are not similar on both sides of the
heat exchanger. In both cases, the ratio, 7, can be:
calculated as follows:

If the cross sections of the heat exchanger are the
same on both sides, then the (7-4), values are
equal if and only if the mass flows and air
temperatures are the same.

Let m',-,o and T" ;0 denote the mass flows and
temperatures of the heat exchanger. It holds that

* . *
m =m

1,0 2,0

* x

Eq. 40

and consequently

(1 4),, = 4),,
Eq. 41

Let m; o and T denote the effective mass flows
and temperatures of the heat exchanger and
(h-A); o the corresponding (h-4) values. Using Eq.
37, we can write

(i T)

(hd)o _((nT)o)
(h4), \0aT),

0.78

Eq. 42

Inserting Eq. 42, solved for (h:4);,, into the
definition (Eq. 25) of the ratio, 7, and using Eq.
40 and Eq. 41, we get

) (m T)l,o 0.78
(”‘z r )2,0

v

Eq. 43

At this point we know all the variables needed to
calculate the outlet conditions of the heat
exchanger.

10



Interface

The interface to the model is separated into input
and output variables. However, some simulation
languages ([SPARK 97], [NMF 96]) do not
require this separation (i.e., the user determines
which variables are inputs and which are

outputs).

Parameter

No. | Variable | Description

1 r ratio between air-side and
water-side convective heat
transfer coefficient (Eq. 43)

9 - flow arrangement:
1: counter flow
2: parallel flow
3: cross flow, both flows

unmixed

3 mo supply air mass flow at
nominal operating point

4 Sino supply air inlet temperature at
nominal operating point

5 F.out0 supply air outlet temperature
at nominal operating point

6 msp exhaust air mass flow at
nominal operating point

7 9oino exhaust air inlet temperature at
nominal operating point

Input

No. | Variable | Description

1 m; supply air mass flow

2 i supply air inlet temperature

3 m; exhaust air mass flow

4 i exhaust air inlet temperature

Initial value

none

Output

No. | Variable | Description

1 m; supply air mass flow

2 S out supply air outlet temperature

3 my exhaust air mass flow

4 P, 0ut exhaust air Qutlet temperature

5 P exchanger heat transfer
effectiveness

6 0] heat transfer rate

Algorithm

This section shows conceptually how the
formulas are used in a sequential algorithm.

Initalization (executed only
once during the simulation)

g < Ci,0r C2,00 91,in,0r 92,in,0r
Sl,out,O (Eq' 5)

NTUp <« &, Zo, flow arrangement
(Eq. 12, Egq. 14 or Eqg. 16)

(Uavg'A)O «— NTUOI Cmin (Eq° 29)

store (U,vgA)o

Each call

(Uavg'A) < m, mp, Tl,inr I'-[‘Z,in, mi,0,

mz,0, Ti,in,0r T2,in0r (UavgBA)os
r (Eg. 38)

NT_U «— (Uavg'A)r Cmin (Eq- 10)

€ <« NTU, Z, flow arrangement
(Eq. 11, Eg. 13 or Eq. 15)

Sl,out «— g, Sl,inl S2,inr Clr Cmin
(Eg. 19)

Q «— Cl‘l 91,inl 9l,out (Eq' 20)

32,out «— QI CZ! Sz,in (ECI- 21)




Conclusion

Using the &-NTU relation and the easy obtainable
ratio of the (%:4) values of both air streams at the
nominal operating point, the (h-4) values at
nominal conditions can be determined.

Describing the convective heat transfer
coefficient as a power function of the air velocity
allows the part-load behavior to be calculated
and eliminates the need for geometrical data for
the heat exchanger. With this approach, the
outlet conditions can be expressed as an explicit
function of only the inlet mass flows and
temperatures. Furthermore, the model requires
only data that are known during the design
process of an HVAC system, i.e., the inlet mass
flows and temperatures, the supply air outlet
temperature at the nominal operating point, and
the exchanger flow arrangement.

The explicit model formulation ensures short
computation time and eliminates possible
convergence problems.

Acknowledgments

This work was sponsored by a grant of the Swiss
Academy of Engineering Sciences (SATW) and
the Swiss National Science Foundation (SNSF)
and partially supported by the U.S. Department
of Energy. I would like to thank those
institutions for their generous support.

References

ASHRAE 85 ASHRAE Handbook, 1985
Fundamentals; SI-Edition;
ASHRAE, Inc; Atlanta, GA, 1985

Brandemuehl et.al. 93 Brandemuehl M.J.,
Gabel S., Andresen I.; HVAC 2
Toolkit; Algorithms and
Subroutines for Secondary HVAC
Systems Energy Calculations;
Prepared for ASHRAE, TC 4.7;
Joint Center for Energy
Management, University of
Colorado at Boulder, CO, 1993

Holman, J.P.; Heat Transfer, 4™
ed.; McGraw-Hill Book Co.; New
York, NY, 1976

Incropera, DeWitt 90 Incropera F.P.,
DeWitt D.P.; Fundamentals of
Heat and Mass Transfer, 3 ed.;
John Wiley & Sons, Inc.; New
York, NY, 1990

Holman 76

Jurges W.; Gesundheits-Ingenieur;
Nr. 19 (1); 1924

Kays, London 84 Kays W.M., London AL.;
Compact Heat Exchangers, 3 ed.;
McGraw-Hill Book Co.; New
York, NY, 1984

McAdams 54 McAdams W. H.; Heat
Transmission, 3rd ed.;
McGraw-Hill Book Co.; New
York, NY, 1954

Jurges 24

NMF 96 NMF HANDBOOK; Sahlin Per;
Version 3.02; ASHRAE RP-839;
KTH Building Sciences;
Stockholm 1996

TRNSYS 96 TRNSYS 14.2, A Transient

System Simulation Program; Solar
Energy Laboratory, University of
Wisconsin-Madison, W1, 1996

12



EHEST BRLAAEE LAVEENEE EERELEY MNATERNAS LASERAERN
ENE GVELETREN READ | BEEEY, EAFERNS O4VEE

reparcalionthel UIsDepartmen doi{nergylunderContraciNo¥DEIAGO32765100098]




