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A two-dimensional steady-state numerical model is developed to study the heat transfer in a run-around
heat recovery system with two exchangers each with a combination of counter and cross (counter/cross)
flow between parallel plates or membranes. A finite difference method is used to solve the steady-state
equations of continuity, momentum and heat transfer. The simulated values for the effectiveness of each
counter/cross flow heat exchanger and the overall run-around system are used to develop effectiveness
correlations which agree within +2% of the simulated effectiveness of individual heat exchangers and
Counter/cross flow overall system. It is shown that the effectiveness of this new run-around heat exchanger (RAHE) falls
Effectiveness between the effectiveness of similar run-around systems with either two cross-flow exchangers or two
NTU counter-flow exchangers. For a given total surface area of the exchangers, the highest overall sensible
effectiveness is achieved with exchangers which have a small exchanger aspect ratio and relatively small
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1. Introduction

Without energy recovery, ventilation air increases energy con-
sumption of buildings since outdoor air must be cooled or heated
to bring it close to the indoor thermal comfort conditions. About
20-40% of the overall energy consumption of HVAC system is con-
sumed for ventilation air-conditioning in most commercial build-
ings. In buildings that require 100% outdoor air to meet
ventilation standards (e.g. hospitals), this fraction can be even
higher (e.g. 50-60%) [1].

Air-to-air energy recovery systems can be employed in build-
ings to precondition the supply air by using the exhaust air energy
to reduce the HVAC energy consumption. This also reduces the size
of heating and cooling facilities when the indoor air quality is sat-
isfactory [2]. The air-to-air energy recovery system investigated in
this paper is a run-around heat exchanger (RAHE), shown in Fig. 1,
which is composed of two separate heat exchangers and a coupling
liquid which can be antifreeze aqueous ethylene glycol solution.
The solution is pumped in a closed loop between the heat exchang-
ers. The pumped liquid gains heat from the air stream in one ex-
changer and releases the heat to air stream in the other one.
Unlike other air-to-air heat or energy recovery devices, the run-
around system does not require the supply and exhaust air ducts
to be located side by side. This gives run-around systems an advan-
tage over other available systems when cross contamination is a
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concern (e.g. surgery rooms in hospitals and chemical and biolog-
ical laboratories) or in retrofit applications where the exhaust and
supply air ducts have already been installed far apart.

One of the first studies on the run-around system was published
by London and Kays [3]. It was found that at a constant NTU, the
system had its optimum performance when the heat capacity rates
of the air and coupling liquid were equal [3]. Few studies have been
done on the RAHE systems in recent years. Forsyth and Besant [4,5]
developed a numerical simulation to investigate the performance
and design of a RAHE with two coil heat exchangers. They also pro-
posed that the total life cycle costs should be taken into account for
the system rather than effectiveness at one operating condition to
obtain the optimum design. The model developed by Forsyth and
Besant did not agree well with the experimental data because
the heat transfer correlations used did not include all the complex
factors that existed in the experimental system.

Bennett et al. [6,7] included wavy fins and the effects of the
thermal contact resistance between the fins and coils in the
numerical model developed by Forsyth and Besant [4,5]. The com-
putations of Bennett et al. [6,7] agreed with the experimental re-
sults from an installed system. Dhital et al. [8] studied the
maximum outdoor air ventilation rate and the energy performance
of office buildings with and without the run-around heat recovery
systems to investigate the energy saving of the RAHE system. They
showed that using a RAHE system in a building could save signifi-
cant amount of energy and allow the ventilation airflow rate to be
increased without increasing the energy consumption. Fan et al.
[9,10] developed a numerical model to investigate the heat and
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Nomenclature

C heat capacity rate (W/K)

(o specific heat capacity []J/(kg K)]

Cr heat capacity ratio

Dy, hydroulic diameter (mm)

d channel dimension (mm)

HVAC Heating, ventilating and air-conditioning
h convective heat transfer coefficient [W/(m? K)]
k thermal conductivity [W/(m K)]

m mass flow rate (kg/s)

NTU number of transfer units

P Pump

Pe Peclet number

q heat transfer rate (W)

RAHE run-around heat exchanger

Re Reynolds number

T temperature (K)

t temperature (°C)

U overall heat transfer coefficient [W/(m? K)]
u, v velocity components (m/s)

x, ¥,z  Coordinates

Xo, Yo, Zo heat exchanger dimensions (mm)

Xi header dimension (mm)

Greek symbols
W stream function

é thickness of the plate (mm)

p density (kg/m?)

€ effectiveness

& overall effectiveness of run-around heat recovery sys-
tem

y) convergence criterion

o,V differential operators

Subscripts

A air

Counter Counter-flow heat exchanger
Counter/cross heat exchanger with a combination of cross and
counter-flow

Cross Cross flow heat exchanger
E exhaust

f fluid

in inlet

L liquid

max maximum

min minimum

0 overall RAHE system

out outlet

S supply

coupled heat and moisture transfer in the run-around systems
using two flat-plate cross flow exchangers.

It is well known that the counter-flow exchangers have signifi-
cantly higher effectiveness compared to the cross flow exchanger
effectiveness. Therefore, it is desirable to have an exchanger in
the RAHE with airstreams and coupling fluid flowing in the coun-
ter-flow arrangement in the exchanger. However, a pure counter-
flow exchanger with simple headers located adjacent to each other
is difficult to construct in the limited space available in most HVAC
ducting systems. The design in this paper incorporates counter-
flow heat exchanger with cross flow inlet and outlet headers, i.e.
counter/cross flow (Fig. 2). This counter/cross flow design allows
the air and coupling fluid to enter and leave the exchanger at right
angles relative to each other and simplifies the header design and
installation of the exchangers.

Correlations using the dimensionless geometric, flow, and ther-
mal parameters for predicting the performance of heat exchangers
are presented in [11-13]. Counter or cross flow exchanger correla-
tions are presented in these references, but there is no correlation

Liquid Circulating Blisiist
Pump \ Air Flow
- )
Supply Exhaust q
Exchanger Exchanger
Fluid Flow
) ’
Supply \ Liquid Circulating
Air Flow Pump

Fig. 1. Schematic diagram of a run-around heat exchanger (RAHE).

available for the counter/cross flow heat exchangers. The present
study is aimed to develop the effectiveness correlations from a
numerical model of a counter/cross flow exchanger. New effective-
ness correlations are developed to predict the overall sensible
effectiveness of the run-around heat recovery system using two
counter/cross flow exchangers. The effects of dimensionless geo-
metric, flow, and thermal parameters on the exchanger and overall
system effectivenesses are predicted. These new effectiveness cor-
relations can help manufacturers and HVAC engineers to design
and develop low cost high energy efficient heat recovery systems.

2. Numerical model

The numerical model investigates the performance of a run-
around heat exchanger (RAHE), shown in Fig. 1, with two identical
flat-plate counter/cross flow heat exchangers, shown in Fig. 2,

Liquid Flow
Outlet

Air Flow Inlet

Air Flow
Outlet

Liquid Flow
Inlet

Fig. 2. Schematic of a flat-plate counter/cross flow heat exchanger.
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under the steady-state operating conditions. In the exchanger pre-
sented in Fig. 2, liquid enters from bottom header (inlet header) at
the left hand corner of the exchanger and leaves the exchanger
from the top header at the right hand corner, after traveling a S-
shaped path line through the exchanger liquid channels. Both the
top and bottom headers have a length of x; (Figs. 2 and 3), which
is less than the exchanger length (xp). To avoid having a large pres-
sure drop in the air stream, the air flows uniformly in a straight
path from right to left in Fig. 2 through each exchanger air channel.

The exchanger consists of several individual and identical mod-
ules. A schematic of a module with the coordinate system for the
mathematical model and the air and the liquid flow paths are
shown in Fig. 3. The module contains one air channel adjacent to
one liquid channel. Fig. 3 also shows wall thickness between the
air and liquid channels, and channel dimensions. One complete ex-
changer consists of 10 such modules presented in Fig. 3. As the ef-
fects of module geometry on exchanger -effectiveness are
investigated using dimensionless groups, definite values of (xo,
Yo, X;) are not presented.

2.1. Assumptions

The following assumptions are used in the development of the
numerical model:

1. No heat transfer occurs between the surroundings and the
heat exchangers or the coupling fluid flow as the outer walls
of the exchangers and liquid flow lines are adequately
insulated.

2. For each liquid-air channel pair, heat is transferred only nor-
mal to the plate (z-direction in Fig. 3) as the temperature
gradient across the exchanger (To, — Tin < 10 °C) and plate
thickness (Fig. 3) are typically small.

3. Steady-state conditions.

4. The air and liquid solution have uniform properties at the
inlets of each heat exchanger.

5. Axial conduction in each fluid is negligible since Pe > 20 in
the channels [14]

6. Both the air and liquid flows are laminar as Re < 2000 in both
the air and liquid sides.

7. Heat transfer is estimated based on the bulk mean velocities
and temperatures in the model. That is, T4 and T; do not vary
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8. The channel gaps, d; and d,, are small (Fig. 3), so the entrance
lengths for the fluid flow and heat transfer are very small with
respect to the exchanger length, x,. Typical entrance lengths
are 2 and 3 mm for flow and temperature, respectively, for
an exchanger of 1 mlong. Based on the channel geometry Gra-
etz number is large [13] and the effects of momentum and
thermal entrance lengths are neglected in the model.

9. Liquid and air flow distributions are independent from heat
transfer as the air and liquid flows are dominated by the
pressure difference between the inlet and outlet pressure
and the typical temperature differences that exist in HVAC
systems are small (i.e. Toyr — Tin < 10 °C). Using this assump-
tion, the momentum equation can be decoupled from the
heat transfer equation.

10. Temperature and velocity distributions are similar in all
pairs of liquid-air channels in each exchanger due to the
uniform module geometry, fluid flows, and boundary condi-
tions. That is, the effects of mal-distribution of inlet or inter-
nal flows are not included in the model.

11. Condensation and frosting are neglected.

12. Supply and exhaust heat exchangers are identical.

2.2. Governing equations

According to the Hele-Shaw experiments, the steady flow of vis-
cous fluid at low Reynolds number between two closely spaced
parallel plates can be considered as a plane two-dimensional ideal
flow for the distribution of bulk mean streamlines [15]. In this
study, the liquid flows slowly through the liquid channels
(Re <10) and the channel size, d;, is very small with respect to
the exchanger length, x, (e.g. di/xo = 0.003). For steady flow, the
second-order Laplace equation for the stream function (i) can be
applied to determine the bulk mean liquid velocity:

Vi =0 (M
The bulk mean velocity components are:

W W
4= ay’ RO @)

The air temperature, T4, in a module is determined by balancing
the heat transfer through the plate with the change in the energy
content of the air as it flows through the exchanger:

along z-direction (Fig. 3) and fluid temperatures are only ~ 2Uy, (Ta—Ty) _OTa 3)
changing in x and y-directions (i.e. Ta(x, ¥) and Ti(x, y)). Ca A t 0X
z dy=4.2 mm
T d;=2.7 mm
Air flow outlet ¥ 6=0.2 mm z
&
P v
\ .
Liquid flow
outlet
& ¥

Liquid flow
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Liquid Flow
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Ajr flow inlet x

Fig. 3. A module of a counter/cross flow heat exchanger made of an air channel and a liquid channel with coordinate system.
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Table 1
Thermo physical properties of air and aqueous ethylene glycol solution.

Property  Correlation or value

ot 3588.554 +2.8441 x t — 1.135 x 10~ x 2 J/(kg K)
(-10°C<t< 70°C)

oL 1051.7797 — 0.2776 x t — 2.4339 x 107> x £? kg/m>
(—10°C<t<70°C)

ky 0.42906 + 1.3396 x 10> x t — 5.9288 x 107° x £ W/(m K)
(-10°C<t< 70°C)

Cpa 1010 J/(kg K)

Pa 1.17 kg/m?

ka 0.0263 W/(m K)

In the liquid stream, the heat transfer rate through the plate surface
is balanced by the change in the liquid temperature, T;, at any point
(x, ¥) as the liquid flows in exchanger liquid channels:

aT,
ay
Note that the conservation of mass dictates air velocity to have only

x-component. The overall heat transfer coefficient, U, between the
air flow and liquid flow is,

1 r
For fully developed laminar flow between parallel plates with the

constant heat flux boundary conditions, the convective heat transfer
coefficient is given by the following equation [13].

hD
ko

aT,
2U(Ty—T,) = chpLdL< L+ (4)

1 6
U= [hL+,+ (5)

h_824 (6)
where Dy, is the hydraulic diameter (i.e. Dj, = 2d4 or 2d,). It is known
that for counter-flow heat exchanger the constant heat flux bound-
ary condition is valid due to its temperature variation through the
exchanger [13]. This assumption can be applied here as the coun-
ter/cross flow heat exchanger is close to the counter-flow heat ex-
changer. Eqs. (1)-(4) are applicable for both the supply and
exhaust heat exchangers. The correlations [1] and values [13] ap-
plied for the thermo-physical properties of air and liquid are listed
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in Table 1 where the liquid is aqueous ethylene glycol with 30% con-
centration, and the relative humidity and temperature of the air are
50% and 35 °C, respectively.

2.3. Boundary conditions

The boundary conditions for solving the flow and temperature
distributions within each heat exchanger are summarized in
Fig. 4. Also, note that the boundary conditions in Fig. 4 are valid
for both the supply and exhaust heat exchangers. In a RAHE, with-
out heat loss/gain in the liquid connecting pipes, the bulk mean
temperature of the coupling liquid at the outlet of one exchanger
is the same as the inlet liquid temperature for the other exchanger
downstream. Therefore, as shown in Fig. 5:

(7)
(8)

The air inlet conditions must be specified to simulate the RAHE
system. The specific values of air inlet conditions are provided
when the results are discussed later. However, the effectiveness
of each heat exchanger and the RAHE system will not be affected
by the inlet condition unless the temperature differences across
the exchanger are very large and cause large variation of the air
and liquid properties.

TL,in.S = TL.out‘E
TL.in,E = TL.out.S

2.4. Solution scheme

The governing equations and boundary conditions are discret-
ized using an implicit finite difference method. The backward dif-
ferencing scheme is used for solving temperature distribution on
both the air and liquid sides. For liquid flow distribution, a central
differencing discretization scheme is used. The computational do-
main of each air and liquid channel in a module is divided into
200 x 200 spatial grids of uniform size along x-y. Sensitivity stud-
ies show that the effect of higher number of nodes on the predicted
overall effectiveness of the RAHE system is trivial. For example,
overall effectiveness changes less than 0.1% for 300 x 300 grids
compared to 200 x 200 grids. The discretized equations are solved
using a Gauss-Seidel iteration technique.

W __m
Y JaT, _dT, » Kl | Liuia
et =0; Wy =const Outlet
dy dy
Air Outlet Y
Xo
a7, T
4:3":(); W = const *
dy dy

Fig. 4. The boundary conditions for solving Eqgs. (1)-(4).
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Fig. 5. Schematic diagram showing the inlet and outlet condition of each exchanger
of the run-around heat recovery system.

First, the numerical model is setup to solve for the liquid veloc-
ity components of the bulk mean liquid flow (Egs. (1) and (2)). The
bulk mean liquid flow distribution determined from solving Eq. (1)
is shown in Fig. 6 based on the assumptions listed above and the
boundary conditions provided in Fig. 4. Then, the velocity compo-
nents are used in the exchanger heat transfer equations to obtain
the temperature and heat flux in the fluids (Egs. (3) and (4)). By
coupling the two heat exchangers in a closed loop (Egs. (7) and
(8)), the model simulates the RAHE system.

The outlet mean temperatures of the heat exchangers need to
be computed to determine the heat transfer in the exchangers
and inlet liquid temperature at the downstream heat exchanger
according to Egs. (7) and (8). The liquid and air temperatures are
not constant across the outlet widths. The following equations
are used to calculate the outlet bulk mean temperatures of the
air and liquid leaving the supply or exhaust heat exchanger.

T, = i Tad
ot = e e /y 0 1aCp aTady 9)
1 .
TrLout == / myc, Trdx 10
Lout mLCp.LXi i LtpLlL ( )

Subscript S or E can be applied on the left hand side of Eq. (9) or (10)
based on the heat exchanger being solved for.

When the energy transfer between the system and the sur-
rounding is negligible, the energy transfers in the supply and ex-

haust exchangers must be balanced at steady-state. As a result,
the RAHE reaches steady-state when

qs =g (11)
where ¢s and gg are the energy transfer between the liquid and air

in the supply and the exhaust exchangers, respectively:

qs = Cas(Tains — Taours) = Cus(Troues — Trins) (12)
qE = CA‘E(TA,in.E - TA.out,E) = CL.E(TL‘out.E - TL.in‘E) (13)

The following equation can be used as the steady-state criterion for
computational iterations to converge.

@5+ 002"

The value of 1 x 10~° is used for /. The sensitivity of the results to a
smaller / value is very marginal. For example, if 1=1 x 107% is used,
the effectiveness changes less than 0.1% compared to that obtained
with /=1 x 1075,

‘qS — qE| [} (14)

3. Dimensionless groups

The following dimensionless groups are used to develop the
effectiveness correlations for the RAHE and illustrate the effects
of different design parameters on the effectiveness: (i)
NTU = ZLC”n‘l—m (ii) Cr = gum, (iii) % = the aspect ratio of the heat ex-
changer (Fig. 4), (iv) ;‘—0 = entrance length ratio (Fig. 4). In the above
relations, Cy;, is the minimum of (Cg4, C;) and Gpqy is the maximum
of (G4, ;) in each heat exchanger.

Based on the definition of effectiveness [11,13], effectiveness of
the individual heat exchanger is:

. CA (TA,in - TA,out)
Cmin(TA.in - TL,in)

where G, is defined above. In the equation above, subscript S or E
can be incorporated to denote the effectiveness of supply or exhaust
heat exchanger, respectively.

The overall sensible effectiveness of the RAHE can be defined as:

_ CA,S(TA,in,S - TA,out,S) o CA,E(TA,out.E - TA,in,E)

&0 = = 16
® = ComTains — Tame) ~ Con(Tams — Tame) (16)

where Cy;, is the minimum of C4 s and C4 ¢ and inlet and outlet tem-
peratures are shown in Fig. 5.

(15)

Liquid Flow
Outlet
i
05
«—r —
«—F —
PEEIEY o —
«—F -—
Air Flow 9% il le— Air Flow
Outlet > F e—— Inlet
. 02F .
«— —
6+ —
«— f—
02 03 04 OXS 06 07 08 09 1
Liquid Flow
Inlet

Fig. 6. Bulk mean liquid flow distribution in counter/cross flow heat exchanger.
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Fig. 7. Effectiveness of the flat-plate cross flow heat exchanger and counter-flow heat exchanger from correlations (17) and (18) compared to the simulated effectiveness

using Eq. (15) for 0<Cr< 1 and 0<NTU < 15.

4. Verification of the model

The model presented in this paper can be used to predict
effectiveness of the cross, counter or counter/cross flow heat
exchangers. The effectiveness of cross flow heat exchangers with
both fluids unmixed can be calculated from following correlation
[13]:

Eeross = 1 — exp K%) (NTU)®** {exp[—-Cr(NTU)*7®] — 1} 17)

For counter-flow heat exchangers, the effectiveness can be deter-
mined with the following analytical solution [13]:

1 —exp(—NTU(1 — Cr))
1 — Crexp(—NTU(1 - Cr))

Ecounter = (18)
In the above two equations, NTU and Cr are the same as defined in
the previous section. The correlations presented in Egs. (17) and
(18) are widely accepted in practice to predict the effectiveness of
the cross and counter-flow heat exchangers.

Fig. 7 shows the effectiveness values for the cross flow heat ex-
changer and the counter-flow heat exchanger calculated by the
numerical model, Eq. (15), for over 160 simulated cases that are
compared with the effectiveness values from Eqs. (17) and (18).
In Fig. 7, when the simulation and the effectiveness correlations
predict exactly the same values the data points must lie on the

0.9 1

0.8 1

0.7 1

0.6 -

8o,correlation
=
n
L

0.3 1
X simulated data (equation 16)
0.2 1 exact (equations 17, 18, 19, 20)
------ +0.025
0.1 1
0 T T T T T T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

€ o,simulation

Fig. 8. Overall effectiveness of RAHE made of two identical flat-plate cross flow heat exchangers or counter-flow heat exchangers from Eqgs. (17)-(20) compared with the

simulated effectiveness, Eq. (16), for 0<Cr< 1 and 0 < NTU < 15.
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Fig. 9. Effectiveness of the counter/cross flow heat exchanger from Eq. (21) compared to the simulated effectiveness using Eq. (15) for 0 < Cr < 1,0 < NTU < 15, 0 < x/xp < 0.25

and 0 < yg/xp < 1.

solid line which is referred as exact. The dash lines show the region
where the discrepancy between the simulation and the effective-
ness correlations is within +0.02. As shown in Fig. 7, the simulated
effectivenesses of cross flow heat exchanger and counter-flow heat
exchanger predicted by the numerical model (Eq. (15)) for over 160
simulated data points agree with the effectivenesses calculated by
Eqgs. (17) and (18) within £0.02 for 0<Cr <1 and 0 < NTU < 15.
Zeng et al. [16] developed a correlation for the RAHE system
with two identical heat exchangers and the same air mass flow
rates in supply and exhaust heat exchangers (a5 = mag), which

is the focus of this paper. The effectiveness of the RAHE system is
calculated from following equations:

1 1 1

EO_EEJFES—Cr, for C4<C; (19)
1 1/1 1

g=a(g;+g*1>’ for Cy>C (20)

The key parameters here are &5 and ¢ that can be computed from
the effectiveness correlations presented previously (Eqgs. (17) and
(18)). A comparison between the effectiveness data obtained from

8o,correl:«ution
S S I S S
1Y W IS n =N
L L L L L

e
=
)

X simulated data (equation 16)

exact (equations 19, 20 and 21)

0 0.1 0.2 0.3 0.4

0.5 0.6 0.7 0.8 0.9 1

8o,simulation

Fig. 10. Overall effectiveness of a RAHE with two identical counter/cross flow heat exchangers correlated by Eqs. (19)-(21) is compared with the simulated effectiveness (Eq.

(16)) for 0< C/C4 < 10,0<Cr<1,0<NTU < 15, 0 < Xxy/xp < 0.25, and 0 < yg/xo < 1.
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Eqgs. (19) and (20) and the results from the numerical model using
Eq. (16) is shown in Fig. 8. The effectivenesses of the run-around
heat recovery system with two identical cross flow or two coun-
ter-flow heat exchangers calculated from the correlations agree
with the simulated effectivenesses within +0.025 for 0<Cr<1
and 0 < NTU < 15 for over 350 simulated data points.

5. Effectiveness correlations

The simulated data can be correlated into functional relation-
ships for convenient engineering design. Sensitivity studies on
the effectiveness of the counter/cross flow heat exchanger with re-
spect to different design parameters reveal that the effectiveness
depends on NTU, Cr, aspect ratio (y¢/Xo), and entrance ratio (xy/xo).

The effects of the entrance ratio (x;/xo) on the effectiveness of
the counter/cross flow heat exchanger are minor for the range of
0<x/Xp<0.25. For example, with NTU=3, Cr=10 and yo/
Xp = 0.25, the effectiveness of the heat exchanger changes by less
than 0.02 as (x;/xo) changes from 0 to 0.25. Due to practical consid-
erations, an entrance ratio of greater than 0.25 is unlikely. The
smaller entrance ratio means, the predominantly counter-flow
heat exchanger (see Fig. 12). x;/xo can be neglected in the effective-
ness correlation when the entrance ratio is less than 0.25.

Fig. 6 clearly indicates that the liquid streamlines are combina-
tions of the counter (x-axis) and cross (y-axis) direction liquid flow.
It is therefore expected, for the same total heat transfer surface
area, the effectiveness of a counter/cross flow heat exchanger
(&counter/cross) Will fall between the effectiveness of a pure counter-
flow exchanger (&counter) and a pure cross flow exchanger (&coss)-
Therefore, the effectiveness correlation for a counter/cross flow
heat exchanger (&counter/cross) 1S proposed to have the following
form:

NTU
Ecounter/cross = |:(i%§) (1 + TOO) Ecross + (1 *%) 8counter:| ;

In the above correlation, &counter and €qross can be obtained from Egs.
(17) and (18) with the same NTU and Cr as those for simulated
Ecounterjcross- This correlation can be used for the parameters
0<yo/xo <1 and 0 < Xx;/xp < 0.25.

In Fig. 9, the effectiveness of the counter/cross flow heat ex-
changer calculated from Eq. (21) is compared to the effectiveness
calculated by the simulation from Eq. (15) for 0<Cr<1,
0<NTU <15, 0<xy/x9<0.25 and 0<yg/xo< 1. Over 200 data
points are presented from simulations. The data in Fig. 9 show that
Eq. (21) agrees with the numerical model within +0.02.

The correlations (Egs. (19) and (20)) deduced from Zeng et al.
[16] can be applied to validate numerical results for a RAHE system
with two identical counter/cross flow heat exchangers. Eq. (21) is
used to determine ¢s and ¢ for the counter/cross flow heat
exchangers in the correlations. A comparison between the simula-
tion using Eq. (16) and the data from Eqs. (19)-(21) for the RAHE is
presented in Fig. 10. The input parameters for all the data in Fig. 10
include 0 < C;/C4 < 10,0<Cr<1,0<NTU < 15, 0 < x;/x9 < 0.25 and
0 <yg/xo < 1. As shown, the effectivenesses from the correlations
for the RAHE with counter/cross flow heat exchangers agree with
400 simulated data points within +0.02.

6. Applications and limitations of the correlation

The new correlation (Eq. (21)) is applied to show the effects of
different design parameters on the effectiveness and the limita-
tions which the correlation may have in predicting the effective-
ness. These limitations are indicated relative to the results from
simulations. The selected operating conditions of T,;,=308.15K
(35°C) and T.;;#,=297.15K (24 °C) are applied in the numerical
model for a single heat exchanger.

As mentioned previously, a parameter in determining €counter/cross
is the entrance ratio (x/x,) of the exchanger. The simulated
effectiveness of the heat exchanger decreases with increasing
(x/x0) as shown in Fig. 11. On the other hand, the correlation (Eq.
(21)) does not account for changes in the entrance ratio and pre-

for 0 <Xi/x <0.25 (21) dicts a constant effectiveness value of 0.72. The data in Fig. 11 are
1
€ Simulation (counter/cross)
Correlation (counter/cross)
0.9 -
------ +0.02
A counter flow
0.8 1 B cross flow
w Y LT T L LT LT
* & o
07 - ’---’»--0 -------- @ T TTITTTTTTTTTsrssesssssiscissiciscicciciine
* . 3 . . o n
0.6 -
0-5 T T T T T T T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
X;/X

Fig. 11. Variation of the effectiveness of a counter/cross heat exchanger with entrance ratio, x;/xo, for NTU = 3, Cr = 1 and yg/xo = 0.25. The simulated effectivenesses of pure

cross flow and pure counter-flow exchangers are included for comparison.
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Fig. 12. Liquid stream lines in a counter/cross flow heat exchanger with the entrance ratio (x;/x,) of (a) 0.1, (b) 0.4, (¢) 0.7 and (d) 1 when y,/xp = 0.5.

presented for the same NTU, Cr, and yg/X,. It is unlikely to design a
counter/cross flow heat exchanger with Xxi/x¢>0.25 as
Ecounter/cross Will be less than 0.7 according to Fig. 11, which is more
than 4% smaller than the computed &qoyneer Value of 0.75. As the
effects of the entrance ratio on the effectiveness are trivial for
0 < xi/xp < 0.25 (less than +0.02), this parameter was neglected in
developing the correlation. Therefore, the correlation is limited to
0 < xi/xo < 0.25 and extrapolation of the correlation beyond an en-
trance ratio of 0.25 will lead to errors greater than 0.02 (Fig. 11).
Also note that with x;/xo < 0.25, the effectiveness of a counter/cross

exchanger is always between the effectiveness of a pure counter-
flow and a pure cross flow exchanger with the same NTU and Cr.
Fig. 12 shows the simulated streamline patterns in a counter/
cross flow heat exchanger as the entrance ratio changes at a con-
stant exchanger aspect ratio. As shown in Fig. 12, as the entrance
ratio increases from x;/xy = 0.1 to 1, the liquid flow patterns change
from predominately counter-flow direction in Fig. 12(a) to pre-
dominately cross flow direction in Fig. 12(d). The horizontal
liquid streamlines indicate a counter-flow arrangement as they
are parallel and opposite to the air flow from right to left in

1
A
0.9 NTU=10
08 NTU=5
A NTU=3
0.7
0.6
w 054 oo - * . . . NTU:; R .
0.4
03 - ¢ Simulation (counter/cross)
—— Correlation (counter/cross)
0.2 4
A Counter flow
0.1 4 m Cross flow
0 T T T T T T T T T
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1 1.1
Yo/Xo

Fig. 13. Effectiveness of the counter/cross flow heat exchanger as a function of the aspect ratio (yg/xo) and NTU for Cr = 1 and x;/xo = 0.1. The simulated effectivenesses of pure

cross and pure counter-flow exchangers are included for comparison.
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Fig. 14. Liquid stream lines in a counter/cross flow heat exchanger with the aspect ratio (yo/xo) of (a) 0.5 and (b) 1 when x;/xo = 0.1.

Fig. 12. Exchanger effectiveness is higher for the counter-flow than
it is for the cross flow (Fig. 11). This explains why simulated data in
Fig. 11 decrease as x;/x, increases. When x;/x,=1, the length of the in-
let and outlet headers is equal to the exchanger length, which makes
it a cross flow heat exchanger (Fig. 12(d)). The simulated effective-
ness of counter/cross flow heat exchanger with x;/xp=1 in Fig. 11
equals the cross flow effectiveness with the same NTU and Cr.

The effects of the aspect ratio (yg/xo) and NTU on the effective-
ness of counter/cross flow heat exchanger (&counter/cross) are shown
in Fig. 13 for the case of Cr=1 and x;/xo = 0.1. For comparison, the
effectivenesses of a pure cross flow heat exchanger and a pure
counter-flow heat exchanger with the same NTU and Cr are also
shown in Fig. 13. The simulated data from Eq. (15) are compared
with data computed from Eq. (21) in Fig. 13. It can be seen that
for a given NTU, &countercross decreases from a value near &counter to
a value near &5 as the aspect ratio (yg¢/Xo) increases from 0.1 to

11

(b)

1. It should be noted that NTU and Cr are the only dimensionless
groups affecting the effectiveness of the cross flow or counter-flow
heat exchanger. For a given yy/x,, effectiveness increases with NTU
in Fig. 13 as the heat transfer rate increases at higher NTU. The cor-
relation in Fig. 13 agrees well with the simulation (Eq. (15)).

The liquid flow distribution will change when the aspect ratio
changes, which affects the exchanger effectiveness. Simulated li-
quid flow distributions for two designs with different aspect ratios
are illustrated in Fig. 14. As the aspect ratio of the exchanger
decreases from 1 to 0.5, liquid flows predominately in the coun-
ter-flow direction relative to the air (Fig. 14). Consequently, the
effectiveness increases as yy/xo decreases in Fig. 13. The predomi-
nant cross flow arrangement of the liquid flow at higher yq/xo
causes the effectiveness to decrease as yg/xo increases.

In Fig. 15, computed &counter/cross Using Eqs. (15) and (21) is pre-
sented as a function of NTU and Cr when yg/x = 0.5 and x;/xo = 0.1.

€counter/cross

0.2
¢ Simulation
0.1 — Correlation
0 T T T T T T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Fig. 15. Variation of the effectiveness of a counter/cross flow heat exchanger with NTU and Cr, yo/Xo = 0.5 and xi/xo = 0.1.

16
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Fig. 16. Effectiveness of a single heat exchanger with pure cross flow, pure counter-flow and counter/cross flow arrangements as a function of NTU when Cr = 1. The counter/

cross flow exchanger has x;/xp = 0.1 and yg/x, = 0.25.

Both the simulation (Eq. (15)) and correlation data (Eq. (21)) show
that the effectiveness increases as NTU increases at constant Cr.
Effectiveness in Fig. 15 also increases as Cr decreases at constant
NTU. The close agreements between the simulation and correlation
in Fig. 15 verify the correlation for a wide range of NTU and a range
of 0.5 < Cr< 1.

A direct comparison of effectiveness for three different heat
exchangers: cross flow, counter-flow and counter/cross flow, is
shown in Fig. 16 as NTU is varied when Cr=1. The effectiveness of
the counter-flow exchanger is the highest, which is expected. The

effectiveness of the counter/cross flow heat exchanger (&counter/cross)
falls between the effectiveness of the counter-flow exchanger and
cross flow exchanger for both the simulation and correlation.
In this specific case where the aspect ratio and the entrance ratio
of counter/cross flow exchanger are 0.25 and 0.1, respectively,
& pnterross 1S ClOSE O Ecounter. The effectiveness of the counter/cross
flow heat exchanger at NTU = 15 and Cr = 1 is improved by 8% com-
pared to the effectiveness of the cross flow exchanger in Fig. 16.
The simulated overall effectiveness results using Eq. (16) for the
RAHE with two identical counter/cross flow heat exchangers are

0.9
A
0.8 1 NTU=10
*
0.7 4 '
NTU=5
*
0.6 4
NTU=3 I
*
0.5
Iy
0.4
— o NTU=1
031 M * * * - = . » [
0.2 - ¢ Simulation (counter/cross)
— Correlation (counter/cross)
01 A Counter flow
] B Cross flow
0 T T T T T T T T T T
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1 1.1
Yo/Xo

Fig. 17. Variations of the overall effectiveness of the RAHE system with two identical counter/cross heat exchangers with the aspect ratio and NTU when Cr = 1 and x;/xo = 0.1
The simulated effectivenesses of pure cross flow and pure counter-flow exchangers are included for comparison.
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compared with the correlations using Egs. (19)-(21) in Figs. 17-19.
The operating conditions for run-around system are
Tains=308.15K (35°C) and Tuinr=297.15 (24°C) in the
simulations.

The effects of the aspect ratio (yg/xp) of the exchangers on the
overall effectiveness of the RAHE (& counter/cross) are shown in
Fig. 17 as NTU changes. As the aspect ratio decreases, & counter/cross

increases at a constant NTU. As shown in Fig. 17, &, counter/cross 1S
close to &, counter When aspect ratio is small (yo/xo ~ 0). The overall
effectiveness at a constant aspect ratio, yg/xo, increases with NTU
as heat transfer rate is higher for higher NTU. The NTU at a constant
Cr in Fig. 17 is changed as both air and liquid flow rates changes.
The correlations (Egs. (19)-(21)) in Fig. 17 compare well with the
simulated data using Eq. (16).
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Fig. 18. Variation of overall effectiveness of RAHE system with two identical counter/cross flow heat exchangers with NTU and Cr for (a) C4 > C; and (b) C < Cy, Xi/xo = 0.1and

Yo/Xo=0.5.
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Fig. 19. Overall effectiveness of RAHE system with two identical counter-flow, counter/cross flow, and cross flow heat exchangers as a function of C;/C, when NTU =5,

Xi/Xo = 0.1, and yq/xo = 0.5.

Fig. 18 shows the effects of NTU and Cr on the overall effective-
ness of the RAHE system. From Fig. 18, the overall effectiveness in-
creases as NTU and Cr increase. The effectiveness of the system
depends strongly on Cr for NTU > 3 in both Fig. 18(a) and (b). For
NTU < 3, the effectiveness changes substantially with NTU at any
value of Cr. Although the effectiveness of a single heat exchanger
is the lowest when Cr=1, the maximum effectiveness of RAHE
occurs when Cr=1 which shows that a heat exchanger must be
treated differently when it is coupled with another exchanger in
a run-around system. Similar trend of changing the overall
effectiveness of RAHE with respect to Cr is observed by [3,9]. From
a comparison between Fig. 18(a) and (b), it can be found that when
C4 > C;. the overall effectiveness is more sensitive to Cr. However,
for Cr<1 and NTU>3, the overall effectiveness is higher when
Ca<(C than when Ca> (.

When NTU=5, yo/xo=0.5 and xi/xo = 0.1, the overall effective-
nesses of the RAHE system with two identical counter-flow,
counter/cross flow, and cross flow heat exchangers are shown
in Fig. 19 as a function of C;/Cx. As expected, &, counter 1S the high-
est. & counter/cross falls between &, counter AN €y, cross. Also in Fig. 19,
the maximum overall effectiveness occurs when C; =C4 for all
types of heat exchangers. The counter/cross flow design im-
proves the maximum overall effectiveness of the RAHE system
at C;/C4=1 by 7% compared to that of the RAHE system with
two cross flow heat exchangers. The difference in ¢, between dif-
ferent heat exchanger systems tends to diminish at C;/C4 > 6. The
good agreement between the simulation and correlation for the
RAHE system with counter/cross flow exchangers verifies the
accuracy of the correlation for a wide range NTU and C;/Cu
values.

Although it is not presented, it is found that &, counter/cross
changes by about 0.02 over the range of 0<x;xp<0.25 for
NTU =15. For lower NTU values, &, counter/cross 1S 1€Ss sensitive to
the entrance ratio.

7. Summary and conclusions

A numerical model of a run-around heat recovery system with
two identical counter/cross flow plate heat exchangers has been
presented. In the numerical model, the bulk mean fluid velocities
and temperatures are determined for both the liquid and air sides
in each exchanger.

According to the numerical model, the overall effectiveness of
the heat recovery system with two identical counter/cross flow
heat exchangers is a function of the number of transfer units
(NTU), the heat capacity rate ratio of the fluids (Cr), the aspect ratio
of the exchangers (yo/Xo), and the entrance ratio of the exchangers
(xi/x0).

The accuracy of the model is verified using correlations from the
published literatures for heat exchangers and run-around heat
recovery systems using air-liquid cross flow and counter-flow
arrangements. Comparisons show that the discrepancy between
the predicted effectiveness determined from the numerical model
and the effectiveness determined from the correlations is less than
+2.5% for the heat exchangers and run-around systems. This veri-
fied model is used to develop a new correlation for the flat-plate
counter/cross flow heat exchangers (Eq. (21)).

The new correlation agrees with the numerical model within
+2% for single heat exchangers and run-around systems employing
two identical counter/cross flow heat exchangers when the liquid
header length to exchanger length ratio is less than 0.25. These
performance correlations can be used in engineering designs to
predict the performance of counter/cross flow heat exchangers
and run-around heat recovery systems under a range of operating
conditions and design parameters.

With heat exchangers of equal surface area, the effectiveness of
the counter/cross flow heat exchanger is less than that of the coun-
ter-flow exchanger, but greater than that of the cross flow exchan-
ger. To achieve a high effectiveness, such as more than 60%, for the
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counter/cross RAHE, NTU should be larger than 3, C;/C4 in range of
0.8-1.2, the exchanger aspect ratio should be less than 0.3 and the
liquid inlet/outlet header length ratio should be less than 0.25.
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