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Finned Water-to-Air Coil without Condensation 
Abstract 
A simple simulation model of a finned water-to- 
air coil without condensation is presented. The 
model belongs to a collection of simulation 
models that allows efficient computer simulation 
of heating, ventilation, and air-conditioning 
(HVAC) systems. The main emphasis of the 
models is short computation time and use of 
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 for energy efficient 
HVAC systems. The models are intended to be 
used for yearly energy calculation or load 
calculation with time steps of about 10 minutes 
or larger. Short-time dynamic eflects, which are 
of interest for diflerent aspects of control 
pegormance, are neglected. 
The part load behavior of the coil is expressed in 
terms of the nominal condition and the 
dimensionless variation of the heat transfer with 
change of mass flow and temperature on the 
water side and the air side. The eflectiveness- 
NTU relations are used to parametrize the 
convective heat transfer at nominal conditions 
and to compute the part load conditions. 
Geometrical data for the coil are not required, 
The calculation of the convective heat transfer 
coefficients at nominal conditions is based on the 
ratio of the air side heat transfer coeficients 
multiplied by the fin efficiency and divided by the 
water side heat transfer coefficient. In this 
approach, the only geometrical information 
required are the cross section areas, which are 
needed to calculate the fluid velocities. The 
formulas for estimating this ratio are presented. 
For simplicity the model ignores condensation. 

The model is static and uses only explicit 
equations. The explicit formulation ensures short 
computation time and numerical stability. This 
allows using the model with sophisticated 
engineering methods such as automatic system 
optimization. The paper fully outlines the 
algorithm description and its simplijkations. It 
is not tailored for a particular simulation 
program to ensure easy implementation in any 
simulation program. 

Introduction 
Most water-to-air coil simulation models are 
based on input data that are hard to obtain by the 
W A C  system designer, such as the fm spacing. 
The models are usually developed for research 
work rather than for system design and most of 
them are rather complex, with only few that have 
been broken down into the most important laws 
that describe their physical behavior accurately 
enough for system design. 

The available simple models for water-to-air 
coils usually do not take the dependence of the 
convective heat transfer coefficient on the air 
mass flow and temperature into account. The 
more detailed models that address this 
dependence require geometrical knowledge of 
the exchanger, which is often not available 
during the design process of an HVAC system 
([Brandemuehl et.al. 931, [TRNSYS 961). 

The model that we have developed describes the 
steady-state part load behavior using a 
dimensionless variation of the sensible heat 
transfer at nominal conditions. The air side and 
water side heat transfer coefficients at nominal 
conditions are computed based on nominal inlet 
mass flows and temperatures, the air outlet 
temperature and the ratio of the air side heat 
transfer coefficient times the fin efficiency 
divided by the water side heat transfer 
coefficient. To minimize energy loss, this ratio 
should be unity. But for cost reasons unity might 
not be achieved. The ratio can be determined 
from detailed calculations of the heat transfer 
coefficient or from an approximation based on 
curve fit done by Holmes [Holmes 821. 

The dependence of the convective heat transfer 
coefficient on the mass flow variation and 
temperature variation is taken into account for 
both fluids. 

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. 
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General IDescription 
The model represents the static behavior of a 
finned heating or cooling coil. Water circulates 
through the tubes and air passes over the finned 
outside of the tubes. Condensation is neglected. 
The main puupose of this model is to calculate 
the yearly energy consumption of an W A C  
system. 

Since condensation is ignored it should be used 
with care in climates where the dew point 
temperature of the air frequently drops below the 
coil surface temperature. 

The input to the model are the air-side and 
water-side inlet mass flows and temperatures, the 
heat transfe1 coefficient, and the ratio between 
the (A 4) values of the water side and air side, all 
at the nominal operating point. No geometrical 
data are used. The model computes the outlet 
temperature on both water and air side as a 
function of the inlet conditions. The dependence 
of the convective heat transfer coefficient on the 
fluid velocity and temperature is taken into 
account for both fluids. 

Simplifications 
staticmodel 
no cond,ensation 
fouling neglected 
thermal resistance of the heat exchanger 
material neglected 
fin efficiency independent of capacity flow 
no heat loss to the environment 

Abbreviation 

Variables 
& e:xchanger heat transfer effectiveness 

9 temperature 

P density 

77 
P dynamic viscosity 

V kematic viscosity 

5 small positive number (&<1) 

A area 

efficiency 

C 

C 

C 

d 

h 

k 
m 

n 

NTU 

Nu 

Q 
R 

r 

Re 
S 

U 
V 

X 

2 

capacity rate 

specific heat capacity 

constant 

diameter 

convective heat transfer coefficient 

thermal conductivity 

mass flow 
exponent for air side heat transfer 
coefficient 

number of exchanger heat transfer 
units 

Nusselt number 

heat transfer rate 

thermal resistance 

ratio of heat transfer 

Reynolds number 

relative sensitivity 

heat transfer coefficient 

velocity 

factor for thermal variation of fluid 
properties 

capacity rate ratio 

Subscripts 
0 nominal (design) point 

a air 

avg average 

f fin 

1 inner 

in inlet 

m a  maximum 

inin minimum 

out outlet 

r fin root 

W water 
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Mathematical Description 

Exchanger Heat Transfer Effectiveness 
The dimensionless exchanger heat transfer 
effectiveness, E, is defined as the actual heat 
transfer divided by the maximum possible heat 
transfer [ASHRAE 851: 

&=- Q 
Q- 

Eq. 1 

If the heat loss of the heat exchanger to the 
environment is neglected and no phase change 
occurs, the heat balance of the fluid streams can 
be written as 

Q = C w  (sw, in - gw,out 1 = C, (sa,out - ga, in  1 

c=mc, 

Eq. 2 
where C stands for the capacity flow 

Eq. 3 

The maximum heat exchange is given by the 
product of the lower capacity flow and the inlet 
temperature difference, i.e., 

with 

= min(Ca, C,,,) 

Eq. 4 

Eq. 5 

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

Eq. 6 
and similarly 

Bq. 7 

Number of &changer Heat Transfer 
Units 
The effectiveness can also be expressed as a 
hc t ion  of the Number of Heat Transfer Units, 
NTU, the capacity rate ratio, 2, and the flow 
arrangement over the heat exchanger: 

E = f (NTU, 2, flow avvrmgement) 
Eq. 8 

with the dimensionless capacity rate ratio 

Eq. 9 
and the dimensionless Number of Transfer Units 

Eq. 10 

Table 1 lists E-NTU relations for different flow 
arrangements. Single-row heating and cooling 
coils can be considered to be cross flow heat 
exchangers with Cm, mixed and Cmin unmixed. 
Coils with two or more rows can be considered 
to be counter flow heat exchangers. Experiments 
have shown that these two equations are 
sufficient to defme the performance of typical 
coils [Holmes 821. 
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counter flour 
(Coil with two 
or more rows) 

parallel flow 

- 
cross flow, 
both streams 
unmixed 

cross flow 
(single pass), 
C,, mixed ,and 
C,, unmixed. 
(Coil with one 
row) 

- 
for all 

. configurations 

Eq. 11 

Possible range: 0 I E 5 1 

Eq. 13 

1 
Possible range: 0 I E I - 

1+Z 

with 7 = NTU-'.22 
Eq. 15 

Possible range: 0 I E 5 1 

1 - exp(- z (1 - e-"")) 
E =  z 

1 - e-' lim &=- 
NTU+a, z 

Eq. 17 

1 - e-' 0 I E I - Possible range: 
Z 

. I-e-' lim- = 1 
z+o 

and 

-NTu l ims= l -e  
z+o 

Eq. 19 

NTU(Z f 1) = 1 ln( *) 
2-1 1-&Z 

Ek& 12 

h ( - & - & Z + l )  NTU=- 
z+1 

Eq. 14 

~ 

NTU = f (E, NTU, z) 
Eq. 16 

must be solved numerically. However, the 
solution is unique (see [wetter 981). 

NTU = -ln( 1 + In(' ") 
lim NTU = -ln(l - E )  z+o 

Eq. 18 

42355.doc 6 
/ 

Table 1: Eqivations for the exchanger heat transfer efectiveness, E, and its inverse for NTU for dzerent 
heat exchanger configurations (Eq. 11, see [Kays, London 841, Eq. 13 see [Holman 761, Eq. I5 see 
[Incropera, De Witt 901, Eq. 17 see [Incropera, De Witt 901) 



As shown later, NTUo is calculated in that model 
as a function of c0, which is computed from Eq. 
6. 

If the user enters wrong input values for Eq. 6, co 
might have a value that cannot be obtained with 
the selected flow arrangement. In this case the 
logarithms in the equations for NTUo as a 
function of go could become undefined. It is 
recommended that these wrong inputs be 
detected by checking if 
listed in Table 1 before proceeding with the 
NTUo calculations. 

Since there are two logarithms in Eq. 18, we 
have to examine the feasible range of the product 
€2 in more detail. The argument of the outer 
logarithm is allowable if 

is inside the bounds 

26, 6<<1 ln(1- E 2)  1+ 
Z 

Eq. 20 

Since the capacity rate, Z, is always non- 
negative, this inequality can be written in the 
form 

ln(1- E z) 2 z (5 - 1) 
Eq. 21 

And, after exponentiating both sides and 
isolating e2, we get 

& z 5 1 - ,z (H) 

Eq. 22 

From the definition of Z and 5, the right hand 
side is always smaller than unity (but still bigger 
than zero). Therefore, satisQing Eq. 22 
automatically ensures that both of the logarithms 
in Eq. 18 are defined. 

Eq. 15 is exact only for 2 = 1, but can be used 
for 0 < 2 5 1 as an excellent approximation 
[Incropera, DeWitt 901. 

Note that Eq. 15 can not be solved analytically 
for NTU. However, as showed in [Wetter 981, 
the solution for NTU is unique if it is written in 
the form 

Eq. 23 

and solved for NTU using an algorithm such as 
Regula Falsi or Bisection. The efficiency of the 
algorithm is not critical since Eq. 23 has to be 
solved only once during the whole simulation. 
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Outlet Temperatures 
If the heat exchanger effectiveness is known, we 
can compute the outlet temperature of both 
streams by wing Eq. 6 or Eq. 7 respectively, 
which gives 

Eq. 24 

and 

Eq. 25 

Heat Transfer 
The Number of Transfer Units depends on the 
product of the heat exchanger area and the 
overall coefficient of heat transfer from fluid to 
fluid, (Vu, VI). 

For a fmed pipe, (Uuvg 4) can be written as 

Eq. 26 

where (l/(h-.A)),* stands for the thermal 
resistance from the air-side pipe surface to the 
air. Hence, i t  consists of the thermal resistance of 
the fins and the convective heat transfer from the 
fin surface to the air and from the pipe surface to 
the air, i.e., 

Eq. 27 

The thermal resistance of the convective heat 
transfers is much bigger than the thermal 
resistance of the pipe, i.e., 

Eq. 28 

Therefore, the resistance of the pipe can be 
neglected, leading to 

Eq. 29 

In the steady state, the heat transfer between the 
root of the fin and the air is 

Eq. 30 
The heat transfer from the fin surface to the air 
can be calculated according to 

Q =  JhU (8f -af l )dA 
Eq. 3 1  

where h, is the convective heat transfer 
coefficient from the fin surface to the air and Ipf 
the local fin temperature. 

The fin efficiency, vfi is defined as the quotient 
of the heat transferred from the fin to the air 
divided by the heat that would have been 
transferred if the whole fin were at its root 
temperature, i.e., 

Eq. 32 
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Using Eq. 30, we can express the thermal 
resistance from the fi root to the air by 

-- 1 - ( 8 r  - $ a )  

(h AX Q 
Eq. 33 

Substituting Q in Eq. 33 with Eq. 3 1 leads to 

Eq. 34 

The divisor of the right hand side of Eq. 34 can 
be substituted using the definition of the fin 
efficiency (Eq. 32). Assuming that ha is constant 
over the whole fin, we get 

Eq. 35 

Now, we can rewrite Eq. 29 by using Eq. 35, 
which gives 

Eq. 36 

The (A A) values can usually not be determined, 
unless the geometry of the heat exchanger is 
known. However, to determine the (hA)o values 
at the nominal operating point, we can use the 
(U,A), value calculated fromNTUo (Eq. 10, at 
the nominal point). The NTU, value itself 
depends only on the inlet condition (temperature 
and mass flow) of both streams, the required heat 
transfer rate, eo, and the flow arrangement. 
These data are already known in the design 
process since they are required to specify the 
heat exchanger. 

Ratio of Convective Heat Transfer 
To determine both heat transfer rates, (h .A),o, we 
only have to know either one of them or their 
ratio, r. We define the ratio of the convective 
heat transfers by 

Defintion: 

r l f  (h 4 
(h A),  

r =  

Eq. 37 

Solving Eq. 37 for the dividend and inserting 
into Eq. 36 (solved for the required convective 
heat transfer on the water side) gives 

Eq. 38 

And, similarly, for the air side: 

IVf (h A ) a , o  = r (h ~ ) w , o  I 
Eq. 39 

One goal of heat exchanger design is to ensure 
that the convective heat transfer is similar on 
both sides. However, r is a user input since T = I 
is usually not possible for cost reasons. This 
makes the model more flexible, particularly if 
more detailed knowledge about the convective 
heat transfer coefficient is known. 

There are different ways to calculate r. 
Determining (h .a),, fiom geometrical data is 
usually not possible in early design. However, if 
one knows the convective heat transfer on one 
side and the (Ua,A) value, then r can be 
computed easily by combining Eq. 36 and Eq. 
37, which gives 

Eq. 40 

or 

Eq. 41 
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Another wqy of calculating r is to use an 
approximation for both convective heat transfers. 
Holmes liStzi some approximation formulas for 
the thermal resistance of heating and cooling 
coils @ohes 823. He did a c w e  fit of the 
thermal resistance of different coils. The thermal 
resistance pix row is described by 

m2 AY m 
kW' s 

[R]=--; [VI=- 

Eq. 42 

where Vu is the face air velocity of the heat 
exchanger and the reference surface of the 
thermal resirstance is the exchanger face area. 
Typical values for the constants are shown in 
Table 2. 

Heating coil 
Low efficiency 
(low number of 
fins, no agitators) 

Nominal coil 
(low number of 
fins, agitator) 

High efficiency 
(more fins, 
agitators) 

a1 a2 a3 

1.32 

1.1 

0.68 

0.44 0.49 

0.2 0.38 

0.2 0.38 

Cooling coil 

High fii spacing 1.025 0.208 0.326 

Table 2: Coeficients for approximating the 
thenwal resistance of diferent coils 
[Holmes 821 

Since the coefficients of Eq. 42 are obtained by 
curve fitting, the coefficient a3 might also 
contain part of the convective thermal resistance, 
even though a3 is independent on the fluid 
velocity. Thl: coefficients a1 and a2 clearly 
describe the dependence of the corresponding 
fluid flow only. 
The convective heat transfer for the air and water 
side can, therefore, be written as 

Eq. 43 

and 

Eq. 44 

where the unknown functionsfi andfi indicate 
that part of the constant a3 might be attributed to 
the convective heat transfer. 

Assuming that the convective heat transfers 
depend mainly on turbulence, which is described 
by the fluid velocity, and depend only weakly on 
heat diffusion, we can neglect the constant terms 
in the convective heat transfer. Thus, for an 
approximation to the convective heat transfer 
ratio we get 

Eq. 45 

Fig. 1 shows r according to Eq. 45 for a heating 
coil at nominal conditions as a function of the 
two air velocities. 

Fig. 1: Ratio of convective heat transfers, r, for a 
heating coil at nominal conditions. 
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Settingfi and& to zero introduces an error in r. 
Fig. 2 shows how the selection of r affects the 
exchanger effectiveness and the transferred heat. 
In this case both mass flows are varied separately 
from 100% to 10%. The chart shows the 
transferred heat, Q, for r = 0.25, divided by the 
heat that would have been transferred for 
r = 0.50 or 0.75. It also shows the efficiency, E, 
for all three values of r. 

The model parameters have following values: 
0.2510.5010.75 

1 (counter flow) 
arrangement 

0.4981 kgls 
9. in n 5 "C 
9,O"t,O 25 "C 
rn, n 0.2391 kds 

9, in I 40 "C I 

Q W , i n , O  
n 
m. 

Table 3: Parameter and input values for the 
simulation shown in Fig. 2 

40 "C 
0.8 

0.4981 to 0.04981 kds 

The selected values of r differ by a factor of two 
to three in order to show the extreme case if one 
chooses a grossly incorrect value of r. Despite 
the large difference in the values of r, reducing 
the air mass flow to 10% of its nominal value 
gives a change in Q value of less than 8%. 
Reducing the water mass flow to 10% gives a 
change in Q of 10% to 20% in this test case. 

Therefore, even a really bad value of r only 
effects the heat transfer at the 10% level. It can 
be shown that if both mass flows are reduced by 
the same amount, the ratio r does not affect the 
variation of the overall (U,,-A) value, provided 
that the exponents of the mass flow ratio are 
equal. 

$,in 

I .2 
1.1 
1.0 
0.9 
0.8 
0.7 
0.6 
0.5 
0.4 
0.3 
0.2 
0.1 
0.0 Time 

5 "C 

0 'V 
Time 

--epsilon(FO.25) +epsilon(i=O.50) - epsilon(FO.75) 
-Q(r=0.25)'Q(FO.50) -a- Q(i=O.25)'Q(r=O.75) 

1.2 

1.1 

1 .o 

0.9 

0.8 

0.7 

0.6 

0.5 

0.0 
Time 

Fig. 2: Influence of the ratio, r, on the exchanger 
efectiveness and the heat transfer by 
valying mass flows 
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Variation of the Convective Heat Transfer 
Coefficients 
The convective heat transfer coefficients are 
most sensitive to the fluid velocity and the fluid 
temperatwe. To account for the part load 
behavior of the heat exchanger, the dependence 
of the convective heat transfer coefficients on 
these parameters is taken into account. 

Water side 
[Schack 331 discusses a comparison of five 
different sclurces of convective heat transfer 
coefYicienb for turbulent flow of water in tubes. 
He simplifies the different equations to 

h, = 1842 -(1+0.014 vwo85 8w) dzo' 
F,V rn [h,] = --; [VI = -; [$,I = "C 

rn2 K S 

Fig. 3: Relative sensitiviq, s, of water side 
convective heat transfer coeficient with 
respect to temperature. 

From Fig. 3 we can say that using the mean fluid 
temperature, neglecting the wall temperature, is 
sufficiently accurate for calculating h,. 
Furthermore, using the heat exchanger inlet 
temperature, instead of the local mean 
water temperature, is sufficiently accurate for 
describing the variation of the convective heat 
transfer coefficient. However, since the water 
temperature in the heat exchanger can vary over 
a huge range during a year, the sensitivity, s, 
should be evaluated for the current heat 
exchanger inlet temperature and not assumed to 
be constant over the yearly temperature range. 
Therefore, Eq. 46 is used to further describe the 
convective heat transfer coefficient by using the 
heat exchanger inlet temperature, 
the local mean water temperature 9,. 

instead of 

Eq. 46 

The deviation of Eq. 46 from measurements is 
not larger than the one for the more complex 
formulas he examined. The expression is good 
for pipes that are not very short and for diameters 
up to 0.1 ml. 

The relative sensitivity of Eq. 46, as a function 
of different fluid temperatures, is 

1 ah, - 0.014 s=---- 
h, 38, 1 + 0.014 8, 

Eq. 47 

The relative sensitivity, s, varies for water 
temperature between 20°C and 90°C by almost a 
factor 2 from 0.01 1 to 0.006 and should therefore 
not be assumed to be constant (see Fig. 3). 

0.01 2 .L c - 0.011 9 5 g 0.010 

= 8 .z E a> 0.0°9 0.008 
zbz E-0.007 $ z f g  .- 0.006 
.= L S C  0.005 t 3 5 0.334 
% 2.i- 
a, 5 a, - 0.003 
biii 2 0.002 
% 2 0.001 

0.000 IY 

20 30 40 50 60 70 80 90' 
Temperature [DEG] 
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For our purposes, we are interested in the 
variation of the convective heat transfer 
coefficient, h,,/hw,o . The first-order 
approximation of the convective heat transfer 
coefficient is 

hw(Sw,0 + A S w ) =  

Eq. 48 

Dividing this by Eq. 46 evaluated at SW,o gives 
the relative variation of the convective heat 
transfer coefficient: 

hw(Sw)  = 1 + S(S~,~)(SZ~ - Sw,o)+ 069:) m 
Eq. 49 

If the second-order influence of the water 
temperature is neglected and the notation 

Eq. 50 

is introduced, Eq. 49 can be written as 

Eq. 51 

Fig. 4 plots this expression for a base water 
temperature of 40°C. In W A C  applications the 
temperature variation between full and part load 
is usually less than 20 K. Therefore, the error 
due to neglecting the temperature influence on 
the variation of the convective heat transfer 
coefficient is a maximum of 20%. This variation 
should not be neglected. 

20 30 40 50 60 
Temperature [DEG] 

Fig. 4: Relative variation of convective heat 
transfer coeflcient, h,,,4zw,a, at constant 
water velocity 

The influence of the water velocity on the heat 
transfer coefficient can be obtained by evaluating 
hw(Y)/hw(Vd using Eq. 46. This gives 

Eq. 52 

or, in terms of mass flow using 

Eq. 53 

Eq. 54 

Since the variation of the water density is less 
than 2.5% over a temperature change of 20 K, 
this density variation can be neglected in Eq. 54. 
Therefore, the variation of the water side 
convective heat transfer coefficient can finally be 
written as 

0.85 

Eq. 55 
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Air Side 
[Stasiulevilzius, Skrinska 871 compared 
correlations for the convective heat transfer 
coefficient of finned tube bundles. Generally, the 
correlation can be written in the form 

Nu = c R.e" 
Eq. 56 

where c is a constant that depends on the 
geometry of the heat exchanger only. 

To calculate the Nusselt number we have to 
distinguish bundles of tubes that are in line vs. 
staggered bundles. 

flow 
direction 
d staggered 

Fig. 5: Staggered and in-line bundles 

For in-line bundles, [Yudin et. al., 681 suggest 
the correlaiion of the form of Eq. 56 with 
n = 0.72, where the physical properties are 
determined by the mean temperature. The fm 
pitch was used as the reference dimension in Re 
and Nu. The flow velocity is determined at the 
narrowest caoss section of the bundles. The 
correlation is valid only for Re I 4.104. No 
correlation is known for in-line bundles with 
Re > 4-104. 

For staggered bundles, Stasiulevicius and 
Skrinska divide the calculation into three areas of 
different Re: (I) a mixed flow zone 
(Re = l.103 to 2-104), (11) a zone where turbulent 
flow starts predominating in the mixed boundary 
layer (Re = 2-104 to 2-10') and (m) a zone with 
developed turbulent boundary flow (Re > 2.10'). 

The exponent for calculating Nu is given in 
Table 4. The reference dimension for Nu and Re 
is the fin pitch. 

tube 
arrange- 
ment 

in-line I Re<4-104 I n = 0.72 

staggered Re = l.103 to %lo4 n = 0.65 

staggered Re = 2.104 to 2.10' n = 0.8 

staggered I Re 2 2-10' 1 n =  0.95 

Table 4: Exponent of Reynolds number for 
calculating Nusselt number 

Using Eq. 56, the variation of the air-side 
Nusselt number can be written as 

Eq. 57 

If the Nusselt number is replaced with 

Eq. 58 

and the Reynolds number by 

Y , d  Re, =- 
"a 

Eq. 59 
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the variation of the convective heat transfer 
coefficient becomes 

The velocity, V, in Eq. 57 can be substituted 
with 

‘ a  va =- 
Pa A 

Eq. 61 

and the kinematic viscosity, v,, by the dynamic 
viscosity, and the density, pa, 

Pa va =- 
P a  

Eq. 62 

which gives 

Eq. 63 

Eq. 63 can also be written in the form 

Eq. 64 

where x, expresses the variation of the air 
properties as a function of the temperature, i.e., 

Eq. 65 
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In the following, we derive a simple expression 
for x,(SJ. As shown in Fig. 6, the heat 
conductance of dry air at a pressure of 1 bar can 
be approximated linearly by 

k, = 2.453.10-' + 7.320-10-5 $a 

w 
m - . K  

[k]=--; [8]=0C 

Eq. 66 
[+ base points -1inearappmximation I 

0.032 

0.030 
3 &j 0.028 

z g  

P 
8 5 0.026 z x  

0.024 

0.022 
-2Cb 0 20 40 60 80 100 

Temperature PEG] 

Fig. 6: Approximation of heat conductance, k, 
for dry air at I bar. Values fiom [Cerbe, 
Ho4inann 901 

For the dynamic viscosity, k, the linear 
approximation for dry air at 1 bar is (see Fig. 7) 

Eq. 67 
[ + base points -1inearappmximationl 

1.5E-05 - 
20 0 20 40 60 80 100 

Temperature [DEG] 

Fig. 7: Approximation of dpamic viscosi@, fi 
for dry air at I bar. Valuasfrom [Cerbe, 
Hgfiann 901 

Using thest: approximations, the ratio x, can' be 
expressed its a function of the air temperature, 
Sa, and the exponent, n. 

As shown in Fig. 8, x, can be approximated by a 
fmt-order Taylor series expansion with respect 
to the variable 8, about the temperature So. A 
nominal value of 25OC is selected for 90. This is 
in the middle of the range for cooling and 
heating applications. As can be seen in Fig. 8, 
the original form of xu is almost linear and there 
is not much dependence on the exponent n (for n 
in the range of 0.65 to 0.95). Therefore, (I) the 
derivative &ddlS, is assumed to be constant over 
the whole range of g,,, and (II) the Taylor 
expansion, evaluated for n = 0.8, is used for all 
values of n. This leads to approximating x, with 

x, = 1 + 4.769 + (8, - 

+ '(('a - $a,o P ) 
Eq. 68 

where the second-order terms will be neglected. 

The maximum relative error of Eq. 68 is less 
than 5% in the range of 9 = -20 to 100°C and 
n = 0.65 to 0.95, as can also be seen in Fig. 8. 
The biggest deviation is for temperatures above 
60"C, which are not encountered in most W A C  
systems. 
. xa evaluated for n = 0.65 - 1st Order Taylor Expansion of M 

. xa evaluated for n = 0.95 

1.5 I I I I I I 
1.4 

E, 1.3 
r 

f 2 1.2 
3 1.1 
F 5  1 

2 x" 0.9 
.s II 

0.8 

0.7 
-20 0 20 40 60 80 100 

Air Temperature [DEG] 

Fig. 8: Relative variation of x, with nominal 
temperature Sa,o = 25 "c. 

To avoid an iteration over the heat exchanger, 
the factor xu that represents the air property 
variation is evaluated using the air inlet 
temperature and not the mean air temperature. 

Using the approximation Eq. 68 for the variation 
of the air properties, the variation of the air-side 
convective heat transfer coefficient is 

~~ 
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11-7;1 - x u  - 
hu,o %,o 

2 -  

3 

Eq. 69 

ma,o 

Overall Heat Transfer 
To compute the overall heat transfer coefficient, 
(u,,.A), Eq. 69 and Eq. 55 can be inserted into 
Eq. 36. This gives 

lxu = 1 + 4.769 10" - 8u,in,o)l 

4 I 8w.in 

Eq. 70 

water inlet temperature 

Eq. 71 

Eq. 72 

Eq. 73 

and finally 
I I .. -1 I 

Eq. 74 

Now, all values for calculating the heat 
exchanger behavior at any mass flow and 
temperature are known. 

Interface 
The interface to the model is separated into input 
and output variables. However, in some 
simulation languages ([SPARK 971, [NMF 961) 
the user can spec@ which variables are inputs 
and which are outputs. 

Parameter 
1 No. I Variable 1 Description I 
I 1  I r  ratio between air-side and 

water side convective heat I 

InrDut 

transfer coefficient (Eq. 37) 
flow arrangement: 
1: counterflow 

(Coil with two or more 
rows) 

2: parallelflow 
3: cross flow, both streams 

unmixed 
4: cross flow (single pass), 

C,, mixed and C,, 
unmixed. 
(Coil with one row) 

air mass flow at nominal 
operating point 

air inlet temperature at 
nominal operating point 

air outlet temperature at 
nominal operating point 

water mass flow at nominal 
operating point 

water inlet temperature at 
nominal operating point 

exponent for air side heat 
transfer coefficient 

No. I Variable I Description I 
air mass flow 

air inlet temperature 

water mass flow 
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Initial wailue 
none 

Each call 

Output 
Description 
air mass flow 

air outlet temperature 

water mass flow 

water outlet temperature 

effectiveness 
& exchanger heat transfer 

transferred heat LlE 

Algorithm 
This section shows conceptually how the derived 
formulas can be used in a sequential algorithm. 

Initalization (executed only  
once du.ring t h e  s imula t ion)  

E t NTU, Z ( E q .  11, E q .  13, E q .  
15, o r  Eq .  1 7 )  

Qa,out Qw,aut + & I  Qa,inr Qw,inr Cat Cw 
( E q .  24  and E q .  2 5 )  

Conclusion 
Using the effectiveness-NTU relation and the 
ratio r = vf .(h .l)J(h A), at the nominal 
operating point, the convective heat transfer 
coefficients times the exchanger surfaces (and 
times the fin efficiency for the air side) at 
nominal condition can be determined. 

Describing the dependence of the convective 
heat transfer as a power function of the water and 
air velocity allows the part-load performance of 
the coil to be calculated and eliminates the need 
for geometrical information. In this approach, the 
outlet condition is expressed as an explicit 
function of the inlet mass flows and temperatures 
only. The inputs to the model are data that are 
known during the design process of an W A C  
system, namely, the inlet mass flows and 
temperatures and the air outlet temperature at the 
nominal operating point. 

Formulating the model with explicit rather than 
implicit equations ensures short computation 
times and avoids convergence problems. 

42355.doc 18 



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 

Gabel S., Andresen I.; W A C  2 
Toolkit; Algorithms and 
Subroutines for Secondary W A C  
Systems Energy Calculations; 
Prepared for ASHRAE, TC 4.7; 
Joint Center for Energy 
Management, University of 
Colorado at Boulder, CO, 1993 

Brandemuehl et.al. 93 Brandemuehl M.J., 

Cerbe, Hoffmann 90 Cerbe G., Hoffmann H.- 

Holman 76 

Holmes 82 

J.; Einfiihrung in die Wkmelehre: 
von der Thermodynamik zur 
technischen Anwendung; 9. 
Auflage; Hanser Verlag; 
Miinchen, 1990 

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

Holmes, M.J.; The Simulation of 
Heating and Cooling Coils for 
Performance Analysis; in System 
Simulation in Buildings, 
Proceedings of the International 
Conference of the Commission of 
the European CommUrnities; 
Liege, Belgium, 1982 

Incropera, DeWitt 90 Incropera F.P., DeWitt 
D.P.; Fundamentals of Heat and 
Mass Transfer, 31d ed.; John Wiley 
& Sons, Inc.; New York, NY, 
1990 

Compact Heat Exchangers, 3rd ed.; 
McGraw-Hill Book Co.; New 
York, NY, 1984 

Kays, London 84 Kays W.M., London A.L.; 

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

Schack A.; Industrial Heat 
Transfer; John Wiley & Sohns, 
Inc.; New York, NY, 1933 

Skrinska A.; Heat Transfer of 
Finned Tube Bundles in 
Crossflow; Hemisphere 
Publishing Corporation; 
Washington, D.C., 1987 

TRNSYS 96 TRNSYS 14.2, A Transient 
System Simulation Program; Solar 
Energy Laboratory, University of 
Wisconsin-Madison, WI, 1996 

Wetter, M.; Simulation Model, 
Air-to-Air Plate Heat Exchanger; 
Lawrence Berkeley National 
Laboratory, Building 
Technologies Department; 
Berkeley, CA, 1998 

L.S., Lokshin, V.A., Tulin, S.N.; 
Correlation of Experimental Data 
on Convective Heat Transfer in 
Crossflow over Bundles with 
Transverse Spiral and 
Circumferential Fins; Trudy 
TsKTI, 1968, no. 82 

Schack 33 

Stasiulevicius, Skrinska 87 Stasiulevicius J., 

Wetter 98 

Yudin et. ai., 68 Yudin, V.F., Tolzhtarova, 

42355.doc 19 


