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1. INTRODUCTION 

 

 

The ambient air comprises of water vapor, which adds to the humidity of the air. For cold 

climatic conditions such a low temperature air is simulated at the present facility, the air flow 

lab at Oklahoma State University. This system comprises of various thermal components 

which create such conditions, along with test sections, where we could run experiments 

which require ambient air conditions. This project looks into the simulation of the air loop in 

the laboratory using software tools (HVACSIM+ and VBA) and looking into various ways in 

which such a simulation can be carried out. A detailed tube segment by tube segment 

modeling approach is also described for dehumidifying coils. 

The aims of this project are as follows. 

 To predict the behavioral response of air temperature to changes in refrigerant 

temperature and flow rate. 

 To study condensation on cooling coil and its effects on the total cooling capacity of a fin 

and tube heat exchanger.  

 Simulate the system in another platform (VBA) to model two different theories of 

coupling Heat transfer and Air flow models for each of the components of the system to 

determine the approach to achieving the lowest temperature. 
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 Analyze responses of each model to changes in time steps for the simulation and to 

compare their performance. 

1.1 Overview 

This section introduces the reader to the experimental setup, which will be the focus of the 

method for modeling an outdoor air system. In Figure 1 below the components which make 

up the setup are illustrated. 

 

Figure 1 3-D Schematic of air flow lab. (Cai, S. 2009.) 

The major components are the fan, humidifier, refrigeration coil and the wind tunnel which 

acts as the test section for ongoing experiments. This entire loop along with various control 

components helps to create the required quality and quantity of air for experimental purpose. 

This project focuses on calculating the minimum temperature that can be obtained at a steady 

state, and the time required to achieve such a steady state condition.  

This air loop consists of both heat and mass transfer.  The major heat extracting component is 

the refrigeration coil, while the major pressure adding component is the fan. Since both 

thermal and air loop are modeled separately, these have to be integrated in such a way that 

the model produces minimum errors with optimal simulation time period. 
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As the project is based on simulation modeling of the setup in the laboratory at Oklahoma 

State University, details about the equipment that are of concern, are described below.  

1) Fan: the fan provided by Loren Cook Company (Model 60 CPS) is used in the loop. It is 

driven by a Variable frequency drive (VFD) (60Hz, 208Volt, 1 HP, 3 phase). Using 

catalog data, this particular fan is modeled to obtain coefficients that will be used in the 

simulation. The fan runs at a maximum speed of 3450 rpm, but the VFD is used to vary 

the speed from 2200 rpm to its maximum speed. Figure 2 below shows the dimensions of 

the fan, obtained in the company data catalog. 

 

Figure 2 Fan dimensions (http://www.lorencook.com/PDFs/Catalogs/CP_Catalog.pdf) 

2) Humidifiers: Since there is no fresh air coming into the system, 4 ultrasonic humidifiers, 

each having a capacity of 1.2 gallons per day. At a particular time, either one or more 

humidifiers are in operation. Thus the amount of water put into the system would also 

become a time bound variable.  

3) Refrigerant coil: This coil acts as a heat exchanger between the air and the coolant carried 

by the coil. Although it is called the refrigerant coil, there is Dynalene flowing through 

the fin and tube heat exchanger. Dynalene operates within a temperature range of -58 °F 

to 425°F (http://www.dynalene.com/products/hc.asp). Also there is no phase change in 

the fluid operating within the specified temperature range. 
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4) Ducting system: The entire loop has varied duct dimensions throughout the loop as there 

are transitions from round to rectangular and vice versa. But the majority of the loop has 

a 12in. duct diameter. 

5) The other equipment’s used are reheat coil and temperature and pressure measurement 

devices. These shall not be a point of major concern in terms of the simulation carried 

out. The reheat coil will not be in operation as we are interested in cooling the air to its 

minimum possible limit. Thus there shall be no change in the Heat transfer components, 

but a minimal pressure rise of these components will be accounted for in the simulation. 

Also the experimental values obtained are without the operation of the reheat coil; hence 

validation of results would not be possible if this coil is considered for modeling the 

system. 

In Chapter 2, an overview of the literature review for system modeling and component 

modeling is presented. This is followed by the model description using all the software’s used 

with their parameters and limitations. This includes mainly the HVACSIM+ and VBA model 

description of the system. Chapter 4 then presents the results and a comparative study of the 

system that is modeled.  The last Chapter concludes the work done in this project, and 

suggested application of the models that have been modeled. 
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2. LITERATURE REVIEW 

 

 

2.1 System Modeling 

HVACSIM+ (Clark,D.R. 1985.) is a powerful tool to solve sequential algebraic equations, 

and has variable time steps with input event detection. The models (TYPES) in this software 

are precompiled and based on an input/output strategy. The format of the component source 

code models are similar to that used in the ASHRAE HVAC secondary systems toolkit 

(toolkit). The current trend in this software makes use of Powell’s hybrid method (ASHRAE 

825RP) which helps to reach convergence in situations which would have been difficult to 

attain otherwise. HVACSIM+ also has an ability of freezing (Sahlin, P. 1996.) where the 

variables remain constant until certain conditions are fulfilled. The designed TYPES are 

framed into blocks and superblocks, which then compels the user to use this tightly coupled 

arrangement. This can act as a disadvantage in cases where both thermal and flow models 

need not be coupled.  

In coupling involving thermal and flow models, there are two basic approaches(Hensen,J. 

1999.), one in which thermal model is run based on constant flow, which then provide data 

for flow models, and the other is where flow models calculate flows based on  assumed 

temperatures hence providing data for thermal models. In which case both models run using 

different temperature and flow values at the same time step, this then gives high errors. A 

sequential coupling (Kendric,J. 1993) carries out such kind of calculation in which both 

models run at the same time step in sequence with each other. 
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Thus in orders to minimize the error resulting due to such coupling strategies, the following 

methods are suggested. Ping-pong coupling (Hensen, J. 1999) also known as Quasidynamic 

coupling (Zhai,Z. 2004) or Loose coupling (Struler et al. 2000). In these cases one model 

(thermal model) runs and provides temperature values to the flow model, this then is an input 

for the thermal model during the following time step. Thus the feedback in such programs 

lags by a single time step.  The other type is called Onion (Hensen,J. 1999) or Fully Dynamic 

coupling (Zhai, Z. 2004) or Strong coupling(Struler et al. 2000). In such a system each of the 

models run in between them until convergence for a specified tolerance is achieved. The 

following figure illustrates each of these types. 

 

Figure 3  Modeling coupled heat and air flow. (Hensen,J.L.M. 1995.) 

In both types of models, the scale of error depends on how fast the boundary values and other 

external variables change over time. The advantage of such modeling is that it simplifies the 

system of calculations into nodal forms, and reduces complications due to matrix calculations 

arising in such systems.  One such research was conducted in a building in Germany 

(Hensen,J. 1999) , which is a severe case of coupling between heat and air flow. In this 

building involves buoyancy driven air flow and temperature differences caused only by solar 

load. The flow and heat transfer patterns for both the above mentioned theories were analyzed 

for a non-mechanically driven open system. But it was also observed that for a real closed 

system, the performance of such theories could result in more complicated interactions. This 
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project thus uses a closed loop as an example, with a loosely coupled system to analyze the 

two theories of air flow and heat transfer coupling and predict the computational differences 

between the two. 

 

2.2 Component Modeling approach 

Heat exchanger 

When modeling a system as shown in Figure 1 two separate models are required: one for the 

dry coil (heating and sensible cooling) and the other for the wet coil (sensible and latent 

cooling). The sensible heat transfer is driven by a temperature potential between the air and 

fluid. Several methods have been developed to calculate the performance of a coil such as the 

Log Mean Temperature Difference (LMTD) and the Effectiveness-NTU (Eff-NTU) (Cengel 

& Ghajar, 2010). Some difficulty is introduced when calculating the performance of a coil 

that dehumidifies the air. To solve the combined heat and mass transfer problem, assumptions 

are made in order to derive a workable set of equations (Kastl,B. 2012). Early works mainly 

used the LMED and Eff-NTU methods based on the enthalpy potential assumption 

(Threlkeld,J. 1962). A model thus would be either considered dry or wet based on surface 

temperature and dew point temperature comparison that occurs on the surface of the coil. 

Fan model 

This modeling approach is based on defining the parameters used to model the fan. These 

parameters are then used in HVACSIM+ and in VBA code to determine pressure drop and 

heat transfer (Clark, D.R. 1985). 

Duct Model 

The heat transfer rate is low in a well-insulated duct. This model calculates the temperature 

and pressure drop of the system at the duct exit (McQuiston, F.C. et. al.2005). 
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3. DESCRIPTION OF MODELS 

 

 

As described in previous Chapter 2, the air characteristics would change as it goes through 

every component of the loop. This simulation will be carried out using two different 

platforms as discussed below. 

3.1 VBA Model. 

A code has been designed to model the air flow laboratory system in VBA in order to apply 

the Onion and Ping-pong theories. This code has various parts (for each component) which 

have to be modeled separately, each of which is discussed below in detail. After each of the 

components is discussed, the Onion and Ping-pong model flow procedure shall also be 

looked into. 

3.1.1 Fan Model 

To be implemented in HVACSIM+ as well as in VBA, a non-dimensional correlation of the 

fan is modeled and the following coefficients are to be generated. 

      
 

               
              (1) 

   

                 
      

      
               (2) 

 
  

                
      

      
               (3) 
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For the air flow model, the pressure drop is calculated, which depends on the speed of the fan 

and density of air, which can change as the inputs to the fan model. 

     
       

     
              (4) 

 

For the heat transfer model, the outlet temperature will be a little higher than the inlet 

temperature. This is given as (Clark, D.R. 1985) 

       
   

   
 
 

 
                 (5) 

Data is obtained from the manufacturer, and initial coefficients for the non-dimensional form 

are obtained for a1-a5 and e1-e5. The plots for these are shown below. 

 

Figure 4 Fan non dimensional pressure drop versus flow rate. 
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Figure 5 Fan non dimensional efficiency versus flow rate. 

 

3.1.2 Duct model 

 

In the entire system in the air flow lab, a total of 88 feet of 12”round ducting is used. These 

are used to connect all the heat transfer and flow components. There are pressure losses and 

heat losses occurring throughout the duct, which are modeled using the equations below. 

 

Heat transfer model: this model calculates the exiting temperature of air, given the entering 

temperature of air. This value depends upon the inside and outside heat transfer coefficients, 

the flow rate of air and the material of the ducting (Galvanized steel in this case).  

 

                     
 
  
 

 
              (6) 

 

    
  

     
  

  

   
               (7) 

y = 302.79x4 - 204.54x3 + 34.87x2 
- 0.3521x + 0.0376 

-0.05

0

0.05

0.1

0.15

0.2

0.25

0 0.1 0.2 0.3 0.4

Et
a 

Cf 

Eta 

Eta

Poly. (Eta)



11 

 

   

                      
                  (8) 

   

   
  

   
              (9) 

 

Thus to utilize these equations the heat transfer coefficients are calculated. Since the outside 

surface is pretty much steady, the coefficient is chosen from Table 5-2a (McQuiston, F.C. et. 

al.2005). 

The inside heat transfer coefficient is a function of flow rate of air, which is known to us. For 

the purpose of its use in simulation (HVACSIM+ and VBA) a constant flow rate of 200cfm is 

used and the inside heat transfer coefficient is calculated (using Nusselt number).  

 

 The mass of galvanized steel per unit length for round duct of 12”diameter is found online 

(http://www.nordfab.com/index.cfm/do/literature.catalog/id/38/page/Product-Catalog, 

accessed on 11/02/11). 

 

Since it is noticed that the HVACSIM+ duct model is a simplified version and does not 

consider pressure drops due to bends and transitions, for the air flow model the loss 

coefficient is calculated by following procedures in (McQuiston, F.C. et. al.2005). A 

simplified model is used using the loss coefficients for each of the ducts. The flow rate 

chosen for calculations is 200cfm (found experimentally), and the dimensions for the duct 

system is known. For each of the ducts the simplified equation is given as  

 

                     (10) 
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The loss coefficient K for each duct is 

Duct 1: 0.009757 (12’straight, 2-90° bends) 

Duct 2: 0.3942 (76’ straight, 7-90° bends, 1 round to square transition, 2 square to round 

transitions, humidifier) 

 

It is noticed that the coefficients are low because the duct sizing is quiet large for such a low 

flow rate. 

Also the humidifier in the VBA model shall not be in operation (as there is no humidity 

added into the system because it is not extracted by the current frosting experiment. This 

simulation is carried out during the start-up period), hence it is only considered in the 

modeling of pressure drop in the ducting system. 

 

3.2 Dry Heat exchanger 

The heat transfer model of this heat exchanger is done using the NTU-ɛ method. The fin and 

tube heat exchanger (4-row 4-circuit) transfers heat from Dynalene (refrigerant fluid) to the 

air passing through it. In the experiment, the flow rate of Dynalene is kept at its maximum (5 

GPM). Also since during startup the temperature of Dynalene decreases gradually, this also 

would be considered as an input in both cases (HVACSIM+ model and VBA model). 
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Figure 6 Heat exchanger schematic 

In the NTU-ɛ method, the UA is considered to be constant throughout the simulation. This 

value is found out using software obtained from USA coil and air. This calculates the heat 

transfer for a particular temperature input, and details about the coil present in the system. 

Thus the UA value can be obtained. 

 

To calculate the leaving air temperature the following equations are used. 

                      

                

       
              (11) 

 

  

The effectiveness of the heat exchanger for a 4-row 4-circuit (Engineering Sciences Data 

Unit, 1991) is given as  
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And  

 4/1 NTUeK                (13) 

This correlation is a counter-flow arrangement. Although the heat exchanger is a cross flow 

heat exchanger, it has been found that after 3 rows a cross flow can be modeled as a counter 

flow heat exchanger (Mirth & Ramadhyani.1993). This assumption has been validated in the 

next section for a wet heat exchanger.  

The air flow model of the heat exchanger is considered as a fitting with a K value. This value 

is found out using the USA coil and air software for a combination of flow rate and density. 

The software provides the pressure drop for given output conditions.  

 

        
  

   
              (14) 

 

The value of K is found to be equal to 0.164 for the heat exchanger. 

 

3.3 Wet Heat exchanger 

The objective of this section is to test the validity of the counter flow assumption used in 

Section 3.2 especially for the dehumidifying coil, which has a wet-dry interface. This work 

builds on a previous work by Kastl (2012) who implements the counter flow correlation with 

finite difference application. A tube segment-by-tube segment model is implemented with 

cross flow correlation to check the model presented by Kastl (2012). Both these results are 

then validated with experimental data provided by Elmahdy (1975) 

As discussed earlier, the properties of a cooling coil change when the coil is wet due to latent 

heat transfer. A modeling technique for stand-alone heat exchanger model is studied using the 

formulations provided by Hill & Jeter (1991) and Elmahdy & Mitalas (1977). 
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Elmahdy & Mitalas (1977) also presented a description of modeling using an enthalpy 

potential which defines a wet coil using the tube outer surface temperature. The governing 

equation for dehumidifying air is given by Equation (15) (ASHRAE.2009). This equation 

forms the basis for all the dehumidifying coil models discussed in this paper. 

 
 ̇

 
  (        )    (        )                       (15) 

   

3.3.1 Definition of Enthalpy potential 

Some authors Domanski (1991), Hill & Jeter (1991), Mirth & Ramadhyani (1993), Wang, et 

al., (2007), and Oliet, et al. (2007) have developed methods that use the fundamental 

equation, Equation (15) as a basis for their starting point and did not try to simplify this 

equation to make it more manageable. This leads to a computationally intensive equation set 

but fewer assumptions are used, implying a more accurate solution. Equation (15) is used by 

all other authors except McQuiston (1975).  This equation accounts for both the convection 

heat transfer and the phase change mass transfer. To aid in the simplification of Equation 

(15); the Lewis number, defined as the thermal diffusivity divided by the mass diffusivity, is 

used in the following equation. 

     ⁄  
 

      
   (16) 

 

ASHRAE (2009) states that the value of the Lewis number for air is about 0.845 for an air 

and water vapor mixture. For most authors, the Lewis number is assumed to be unity; mainly 

for convenience and simplification which leads to Equation (17) below 

 

 
 ̇

 
   [    (        )  (        )         ]       (17)  
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The enthalpy at the film is the enthalpy of the dry air plus the enthalpy of the moisture in the 

air at the wall.  All authors assume that the air is saturated at the film temperature.  Enthalpies 

and humidity ratios are therefore evaluated at the film temperature.  The total enthalpy of the 

moisture in the air is then defined as the enthalpy of the water vapor at the wall temperature 

plus the latent heat of evaporation also at the wall temperature. 

 

           (          )       [(        )           ]         (18) 

 

The variable      refers to an arbitrary base point where the enthalpy equals zero. The 

enthalpy of the free stream is evaluated as the enthalpy of the dry air plus the enthalpy of the 

moisture in the air. Enthalpies for water should be computed at the dew point temperature of 

the free stream air but in order to obtain a comparable reference baseline, enthalpies are 

instead evaluated at the film temperature.  While using the film temperature to evaluate the 

enthalpies introduces some error, the errors tend to compensate for each other and the 

equation is still a good approximation (McQuiston, et al.2005). It is assumed that all of the 

moisture in the air is due to evaporation at the film temperature.  A third term in the moisture 

energy calculation is included to account for the change in temperature of the water vapor 

from its dew point (the film temperature) to the free stream temperature. 

 

 

         (       )     [(        )            

        (        )]  

       (19) 

   

Subtracting the enthalpy of the air at the film interface from the total potential enthalpy of the 

free stream gives the total enthalpy transfer from the free stream to the film which produces 

Equation (20). 
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             (        )  (        )          

(        )                   (        )  

       (20) 

   

Solving for       (        ) in Equation (20) and then substituting into Equation (17) 

results in the following equation. 

 

 ̇

 
   [(        )  (        )        

           (        )] 

       (21) 

   

The last two terms of Equation (21) account for a very small percentage of total heat transfer 

(approximately 0.5%) so they can be neglected to simplify the equation (McQuiston, et 

al.2005).  With this last assumption, the heat transfer can be approximated by the difference 

in the enthalpy of the free stream and the enthalpy of saturated air at the film temperature.  

This difference in enthalpy is called the ‘enthalpy potential’. 

 
 ̇

 
   (        )  

 

    
(        )        (22) 

   

The enthalpy of the free stream air and saturated air is not constant along the heat exchanger.  

Thus rewriting Equation (22) in the form of Equation (23) where        is some mean 

enthalpy difference that produces the correct heat transfer rate for the heat exchanger. 

 

  ̇                   (23) 

 

Where: 
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  [
   
   

]
       (24) 

 

For a parallel flow heat exchanger: 

 

                        (25) 

                        (26) 

   

For a counter flow heat exchanger: 

 

                        (27) 

                        (28) 

   

The LMED method calculates the heat transfer rate from the condensate film to the air. 

McQuiston (1975) suggests using the LMED from the film to the air stream and the LMTD 

method from the condensate to the refrigerant. This method requires equating the heat 

transfer rates determined from the LMED and LMTD method using an iterative solution 

scheme to determine the film temperature that satisfies both equations. 

 

3.3.2 Refrigerant to Air Eff-NTU 

Both the LMTD and the LMED methods need the input and output conditions of the two 

fluids. When determining the performance of a given coil, this causes the solution to be 

iterative. For a dry coil, the Eff-NTU method is not iterative as only the inlet fluid conditions 

are needed. Taking the Eff-NTU methodology and applying to a wet coil is, unfortunately, 

still an iterative process. When Braun, et al (1989) and Oliet, et al. (2007) developed an Eff-
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NTU method for a wet coil, they both used the fictitious enthalpy. This fictitious enthalpy is 

evaluated at various intermediate temperatures, such as at the fin, tube surface, or leaving 

cold fluid. Hill & Jeter (1991) used Equation (15) to derive what they called a ‘generalized 

effectiveness- NTU heat flux equation for combined heat and mass transfer’. In order to 

simplify the equation set, the humidity ratio of the saturated air is assumed to be a linear 

function of temperature. Hill shows that his equation reduces to the Eff-NTU for a dry coil 

with Cmin always calculated from the air side which is a limiting assumption of his method. 

Hill also assumes that the cold fluid temperature can be represented by a single temperature. 

When the cold fluid is undergoing a phase change, the temperature is constant, but if the fluid 

is not undergoing a phase change, then some equivalent cold fluid temperature must be 

defined. 

Since the assumption is made that all of the heat is transferred from the air (hot fluid) to the 

cold fluid and none is lost to the surroundings; the heat transfer rate for the cold fluid can be 

written as in Equation (29) 

  ̇   ̇     (         )       (29) 

   

  ̇ (               )   ̇     (         )       (30) 

   

Rearranging Equation (30) and solving for  ̇     leads to the following equation. 

 
 ̇  

 ̇     

(               )

(         )

 
      (31) 

   

One of the benefits with the Eff-NTU method is that it can be solved explicitly without 

iteration. With the definition of the fictitious mass flow rate, we have introduced a term that 
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will require either iteration or simplification in order to solve for the heat transfer rate.  The 

term 
(               )

(         )
 needs to be determined from the outlet conditions. 

By assuming the thermal resistance between the outer film surface and the inner tube fluid is 

negligible,       can be evaluated at the corresponding fluid temperature,   , based on coil 

location.  This is an assumption that Braun, et al (1989) made in their derivation of this same 

method.  While their derivation uses a different procedure, the results are the same as 

presented here. 

One of the major benefits of the Eff-NTU method is that no outlet conditions are needed for 

the capacity calculation.  With the wet coil case,    is now a function of the outlet fluid 

temperature and therefore the heat transfer rate must be solved for iteratively. This project 

presents a tube by tube (Domanski,P. 1991) modeling approach to the methods developed by 

Elmahdy and Hill which will then compare their varying modeling approaches to a 

dehumidifying coil. 

 These models are developed keeping in mind the assumptions of these models and their 

range of application. A tube by tube approach is used to code these methods of 

dehumidifying coil calculations. The model is then validated against experimental results 

provided by Elmahdy (1975).  
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Table 1 Elmahdy's experimental data used for model comparison 

 

 

A tube by tube model follows the refrigerant (water) and carries out heat balance with the 

incoming air.  For a cross-flow heat exchanger, nodes are labeled based on the direction of air 

flow. As shown in the Figure 9 below, the first subscript represents the row and the second 

subscript represents the circuit of the heat exchanger. This flow is followed for modeling both 

the LMED method and the Eff-NTU method. Since it is considered that the flow rate remains 

constant throughout the cross section of the coil, this assumption is in accordance with the 

experiment assumptions against which the model is validated. The total capacity is thus a 

summation for all the circuits of the coil. 

DB (°F) WB (°F) Total Sensible Latent

1 4 312 96.1 66.9 47.1 49.9 52.9 52.9 0.0

2 4 177 81.2 60.9 47.2 49.4 23.2 23.2 0.0

3 4 482 77.6 60.2 47.2 49.6 46.0 46.0 0.0

4 4 605 71.5 57.6 47.2 49.4 43.0 43.0 0.0

5 4 367 95.9 77.9 47.3 55.0 78.7 48.1 30.6

6 4 544 85.9 73.6 47.2 54.6 77.1 47.5 29.6

7 4 667 76.6 69 47.2 53.8 68.1 38.0 30.1

8 4 818 88.2 75 47.2 56.2 93.6 64.3 29.3

9 4 857 96.9 79.7 47.2 58.1 114.3 84.2 30.1

10 4 736 74 67.5 47.2 53.6 62.9 35.1 27.8

11 4 603 86.8 74.4 47.3 55.2 82.4 51.3 31.1

12 4 584 75.4 68.9 47.2 53.5 63.0 33.3 29.7

13 8 310 77.5 60.6 47.0 49.2 39.5 39.5 0.0

14 8 475 77.2 60.3 46.9 50.1 56.5 56.5 0.0

15 8 618 82.4 61.7 46.7 52.0 82.9 82.9 0.0

16 8 381 93.6 66.1 46.7 51.5 74.1 74.1 0.0

17 8 250 97.7 75.9 47.3 51.9 84.3 50.3 34.0

18 8 286 93.1 77.4 46.8 53.4 102.5 50.8 51.7

19 8 470 78.7 69.5 46.8 53.2 100.3 52.1 48.2

20 8 285 86.6 71 47.2 51.4 75.0 44.0 31.0

21 8 445 99 73.4 47.2 53.5 115.3 83.0 32.3

22 8 590 84.4 68 47.6 53.5 106.4 75.0 31.4

23 8 675 70.1 62.3 47.2 51.7 79.8 50.0 29.8

24 8 819 84.7 68.2 47.3 54.4 127.6 96.3 31.3

Test 

Number

Coil 

Rows

Velocity 

(fpm)

Entering Air
Entering 

Water Temp 

(°F)

Leaving 

Water 

Temp (°F)

Heat Transfer Rates 

(MBtu/hr)
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Figure 7 Tube by tube modeling approach 

To model a wet coil using Hill’s equations, the coil is considered to be wet in the first 

segment itself. A loop is run to determine an interface temperature, which is then compared to 

the entering air dew point temperature. This loop compares the guessed value of the interface 

temperature to the calculated value from UA. If it is greater than the dew point temperature, 

then dry coil calculations are carried out; else wet coil equations are used to determine the 

heat transfer rates. A summation of heat transfer rates is done until the last tube segment is 

reached.  

The tube by tube modeling approach used is shown in Figure 8 below. 
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Figure 8 Algorithm for tube segment by tube segment application of Hill’s model 

Since the validation required input data as in the experiment conducted by Elmahdy, these 

results are not in accordance with that of the experiment in the Air-flow laboratory. The 

program is run and an experimental result comparison is shown below. 
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Figure 9 Experimental versus simulation for coil model 

 

As seen in the comparative study with experimental results and the total capacity of the coils 

lie well within +/-10%. Since the above figure does not give a clear picture, the percentage 

error with respect to experimental values for both 4-row and 8-row coils is shown below. 

 

Figure 10 Total capacity percentage comparison with experimental data (4 row) 
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Figure 11 Total capacity percentage comparison with experimental data (8 row) 

The total capacity lies within +4% and -6.5% for a tube by tube approach. For both 4-row and 

8-row coils the first 4 data points are for dry coils and the other 8 are wet coils. As seen in 

Figure 12, Hill’s method gives a good result for dry coils but provides a lower capacity value 

for wet coils. But Elmahdy’s LMED method shows better results for both dry and wet coils 

when compared to Hill’s method. For an 8 row coil no particular trend is noticed as both 

methods result in within +3.5% and -5.5% range. 

This simulation method is compared to finite difference slab modeling adopted by Kastl 

(2012). This comparison is carried out to determine whether the difference in results is due to 

the method or the application by which the methods are adopted. The average percentage 

error for each of the methods for both slab modeling (finite difference with 50 elements) and 

tube-by-tube modeling techniques are compared in the Table 2 below. 

Table 2 Average percentage error (application comparison) 

  Method  

  Hill Elmahdy 

tube-by-tube -1.81 -0.58 

finite 

difference  -1.31 0.93 
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As seen in the above table, Hill’s method gives a lower capacity value for either of the 

application used. Elmahdy’s method on the other hand is more accurate than Hill’s method. It 

also gives a lower value of capacity when modeled using finite difference approach and a 

higher value using tube-by-tube method. The results are thus non-conclusive as to which 

application is better than the other, but shows that the methods provide varying results.  

A sensitivity study was also carried out for the dry heat exchanger. As the parameters of the 

heat exchanger are varied the total capacity also varies correspondingly. To notice this 

change, the input parameters such as Fin depth, height, thickness, length, fins per inch, tube 

diameter and the flow rates of the fluids are varied by +/-20%. The corresponding changes 

are shown in Figure 12 below.  

 

Figure 12 Sensitivity analysis of dry heat exchanger 

As seen above the air flow rate has the maximum effect on the overall heat capacity which 

varies from +15% to -16%. All other parameters fall well below this change.  

This analysis in this section thus shows that a counter-flow model can be used once the 

number of rows is greater than 3 as stated earlier. Also in the system analysis a dry coil model 

is used to determine the heat exchange at the refrigerant air interface. 
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3.4 HVACSIM+ model.  

Components of the air flow laboratory are modeled using HVACSIM+. This model will be a 

comparative baseline for the VBA models. The major components used in the model are, 

TYPE 001- Fan, TYPE 002- Duct, TYPE 014 Evaporative humidifier and TYPE 660-heat 

exchanger. All these components are used as provided in the class D2L link. 

These types make use of equations and simulation technique which uses a Newton-Raphson 

solver (Clark, D.R. 1985) and have the following assumptions. 

 Ducts are considered as single block with constant diameter and do not include pressure 

drops due to bends and transitions. Thus the actual pressure drop across the ducts will be 

greater. 

 Fan model uses constant speed data, although the experimental setup as a variable 

frequency drives to modulate the speed. But since the experiment is carried out under 

constant fan speed, this assumption holds correct considering the data against which the 

results will be validated. 

 Humidifier adds very little water vapor to the system, and we are interested in noting the 

lowest temperature that the system will reach during the conditioning phase (startup) of 

the experiment. 

 The heat exchanger UA data is obtained for a set temperature difference between the 

cooling fluid (Dynalene) and air flowing through it. This value though is not always 

constant, but for simulation purpose shall be considered as a constant input in 

HVACSIM+. 

 The flow rate of Dynalene is considered maximum, based on the piping system. This is 

done is order to find out the lowest possible temperature that the air could attain. The 

input values for the flow rate are maintained constant, but in actual experimental 
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conditions this is not true. The flow rate is controlled using a value, and this change in 

flow rate is not measured in actual experimental conditions. 

 

The major components used are shown in the figure below. 

 

Figure 13 Schematic of the HVACSIM+ component connections. 

 

HVACSIM+ parameters 

The HVACSIM+ model with all the components showed in Figure 4 above have the 

following parameter values. 
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Figure 14 Snapshots of the parameters used in HVACSIM+ 

The boundary conditions i.e. the time dependent variables in the simulation program are the 

refrigerant temperature and flow rate. The temperature data is obtained from the experimental 

data, and thus is a valid input for running the simulation. The time dependent variables for 

such a model would be the refrigerant entering temperature, and the refrigerant flow rate. As 

the refrigerant flow rate is increased it is expected to carry out greater amount of heat from 

the air loop. In actual experimental conditions, only the flow rate of Dynalene is varied, and 

the entering temperatures are noted. But for the simulation this also acts as an input, to obtain 

better results from the simulation. 

Also the fan is supposed to be operated at fixed speed; this will enable us to use a fan model 

which has been created to be plugged into HVACSIM+. This model requires that a non-

dimensional form of fourth order is needed to run the fan in this software. For this purpose, 
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data from the manufacturer is used to plot the non-dimensional pressure drop (Ch) and 

efficiency (Eta) with respect to flow rate (Cf).  

 

3.5 Onion model 

This type of simulation is carried out using subsequent substitution. As shown in the Figure 

15 below, at each of the individual models, there is continuous back and forth substitution 

between the heat transfer and air flow equations until convergence is obtained. This is a more 

computationally intensive process of simulation. For each model both heat transfer and flow 

rate are calculated at the same time. These then go in as inputs to the next component model 

for further simuation. In this case the convergence criterion is given for temperature 

difference of 0.001°C. This criteria is chosen because temperature fluctuations are greater 

compared to volume flow rate.  

 

Figure 15 Schematic of Onion Model for Simulation 

 

3.6 Ping-pong model 

The Ping-pong model on the other hand, is a much simpler model. In this case the air flow is 

calculated using temperatures from preceding system model (eg. fan or duct). Then the 
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calculated flow rate is used for measuring temperatures for the same time step for the same 

model. This temperature then acts as an input for air flow model of the next system and the 

iterations are carried out. The simulation is started with the heat exchanger model. 

 

Figure 16 Schematic of Ping-pong model for simulation. 

 

This Chapter thus gives the idea of simulation of the models that are used in the system. The 

various components are modeled in VBA using Onion and Ping-pong models. Their 

application is compared using the results that are presented in the following Chapter 4. An 

HVACSIM+ result will be the baseline for model verification that is done in VBA.
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4. RESULTS AND DISCUSSION 

 

 

4.1 Developing the HVACSIM+ baseline simulation  

Measured data for temperature of Dynalene (°C) and its maximum flow rate were available as 

the time variable inputs to the simulation. This experiment is originally carried out to measure 

frost growth in micro channel heat exchangers (Hong, T. 2011). In doing so a low 

temperature environment was needed; this is simulated in the laboratory. Although in the 

actual experiment, the temperature was not controlled, but was measured (at entrance of Heat 

exchanger) and found to be decreasing gradually, it is been regarded as an input. The only 

manually controlled measurement is the flow rate, but it is kept at its maximum to obtain the 

lowest possible temperature of air that can be attained in the experimental setup. The flow 

rate of the refrigerant was not measured, which was a deficiency in the data set. Hence 

parameter estimation is carried out by varying the flow rate and having the same temperature 

inputs.  After simulation is carried out, the following graph is obtained. 
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Figure 17 HVACSIM+ output temperature of air. 

 

The graph shows that the lowest achievable temperature of air is -4.55°C.  

The actual flow rate in the experiment is not measured (since it is operated by only a manual 

value) hence the simulation is carried out using 85% and 75% of maximum flow rate. The 

results obtained are compared in the Figure 18 below. 

 

Figure 18 Temperature output for different refrigerent flow rates. 
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 It is noticed that simulation result matches the experimental output air temperature 

very closely at 75% flow rate of the refrigerant (Dynalene). 

 Initially there is an increase in the simulation temperature because of heat losses 

through the ducts and temperature increase at the fan. 

 There is a gradual decrease in the temperature with decrease in Dynalene 

temperature. 

 The maximum error between the simulation result for temperature calculation (75% 

flow rate) and the experimental result is obtained at around 4000 seconds. 

 Some of the error may be due to the fact that the refrigerant flow rate was controlled 

manually during the experiment. 

 Also initially the air temperature does not drop in the experimental plot because the 

refrigerant is passed through the coil only after 2 minutes of starting the experiment. 

Thus a small flat line is noticed on the plot. 

 Greater fluctuations are seen in the simulation plot at the end of 4000 seconds 

because of the quicker response of the simulation to the change in temperature of 

Dynalene. 

 After the lowest temperature is achieved, the air temperature does not drop further 

due to losses from ducting, fan and other equipment. Also the refrigerant reaches it 

maximum heat transfer limit, due to minimum temperature and maximized flow rate. 

 

4.2 VBA modeling results 

 

This section involves the results obtained from the VBA model generated using the equations 

described in section 4.3. The need of such a model is generate two different types of air and 

heat transfer coupling systems. Source code has been provided in the zipped file attached.  
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Results of the Ping-pong model and Onion model are followed by a comparison of the two 

and its similarities to the HVACSIM+ model output. 

 

4.2.1 Ping-pong model 

 

This is the simplest form of interaction between the flow rate and temperature change inside 

the system described. Since the system is a closed loop, there is very little change in the flow 

rate of air. It does have a drastic change in temperature because the refrigerant temperature 

changes from 15°C to -20°C.  

But the drop in temperature air varies form 18°C to -4.5°C, the reason being that the cooling 

capacity of the refrigerant is limited due to its fixed flow rate.  

The plot below shows the exit temperatures after each of the components in a Ping-pong 

model. 

 

 

Figure 19 Exit air temperatures for Ping-pong model 
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 The heat exchanger reduces the air temperature coming from the last duct. The 

lowest temperature of air is possible at the exit of the heat exchanger, and is found to 

be -4.52°C. 

 The smaller duct adds a small amount of heat captured from the ambient conditions 

due to heat losses. This takes place because the temperature of ambient air is lower 

than that of the air inside the duct. 

 The fan operates at three different speeds (2200 rpm, 2500 rpm and 3000 rpm), thus 

adding different amount of heat to the air flowing through it. At the lowest speed, the 

power consumed is lower and hence a lower temperature rise is noticed at the exit of 

the fan. The increase in temperature is 1°C for 2200rpm, 1.58°C for 2500rpm and 

2.8°C for 3000rpm of fan speed. As speed increases greater heat dissipation leads to a 

larger increase in temperature at the exit of the fan. 

 Since the second duct is the longest, a greater amount of heat is added to the system 

air, thus increasing its temperature. But as this air enters the heat exchanger to 

complete the loop, its temperature is reduced by the incoming lower temperature 

refrigerant. 

 

Figure 20 below illustrates the increase in temperature due to increase in fan speed. 
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Figure 20 Close look at temperature change at varying fan speeds. 

 

Temperatures and flow rates for different time steps were calculated for the Ping-pong model. 

Time steps of 3.45 seconds, 10.45 seconds, 20.7 seconds and 41.4 seconds were chosen. This 

simulation produces different results for different time steps and the variation is shown 

below.  

 

2500 RPM 2200 RPM 3000 RPM 
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Figure 21 Air temperature variation in Ping-pong model 

 

 

Figure 22 Flow rate variation in Ping-pong model 

 

 In the temperature plot for Ping-pong, the lowest temperature attained for the same 

input conditions of the refrigerant is -3.43°C for 41.4 second time step and -4.62°C 

for 3.45 seconds time step.  This shows that the Ping-pong theory is highly dependent 

on the time step used in the simulation.  
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 A similar trend is noticed for the air flow rate as well. Although the reduction is only 

3% for the flow rate. The main reason being that the change in flow rate is very low 

since it is a closed system. This proves that a smaller time step would give more 

accurate results. 

 

4.2.2 Onion Model 

 

This model is much more strongly coupled between the air flow and heat transfer models for 

the given system. A time study is conducted on the Onion model results to determine if there 

was any change in air temperature and air flow rate with change in time step. The following 

result is obtained. 

 

Figure 23 Air temperature variation in Onion model 
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Figure 24 Flow rate variation in Onion model 

 

The graphs show that there is no effect of time step change on the Onion model. The reason is 

that in this model at every time step, a complete iteration takes place in between the air flow 

and heat transfer models. Thus a change in time step length makes no difference as there is no 

interaction with the results of the previous time step, as in Ping-pong model. The lowest 

temperature attained with the Onion model is -4.46°C at a flow rate of 0.1489m
3
/s  

 

4.2.3 Comparison between Onion and Ping-pong Model. 

The two methods are compared by changing the time steps for the iteration as well as by 

following the path of rate of temperature and flow rate change of each of them 

 

4.2.3.1 Time step comparison 

A comparison is made between the two methods for the time at which the lowest temperature 

of air is achieved (i.e. at 3970 seconds) 
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Table 3 Time step comparison 

 

 

From the figure above it is clearly seen that, time step has a greater impact on Ping-pong 

model rather than the Onion model. The variation in flow rate is much lower compared to that 

of the temperature change. This is due to the iterative process that the Onion model 

undergoes. 

But it is also observed that the time required for simulation of the Onion model is 4 times 

greater than for the Ping-pong model. This is a long waiting period, if simulations for longer 

time periods are considered. 

 

4.2.3.2 Rate of change comparison  

 

 

Figure 25 Exit temperature of Heat exchanger comparison 
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3.45 -4.46 0.14885 -4.62 0.14893

10.35 -4.44 0.14884 -4.40 0.14880

20.7 -4.44 0.14886 -4.07 0.14860

41.4 -4.44 0.14886 -3.43 0.14819
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The paths followed by both Onion and Ping-pong vary drastically as seen above. The 

temperature path taken by Onion method follows closely the HVACSIM+ output 

temperature. This means that it follows the rate of change of temperature of the baseline 

output temperature much better than that followed by the Ping-pong. This can be seen from 

the Figure 26 below. 

 

 

Figure 26 Temperature change comparison with HVACIM+ output temperature. 

It is also noticed that the shortest Ping-pong time step is closest to the Onion path, thus 

reinforcing the fact that smaller a time step would yield better results for Ping-pong method. 
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Figure 27 Flow rate change comparison. 

The flow rate of air is also better captured by the Onion method. At change in speeds of the 

fan, the small variation in flow rate is noticed in both the Ping-pong and the Onion plot, but 

the Onion plot shows a more sudden rise in flow rate. This is the case in actual operating 

conditions due to change in speed of the fan. Also the flow rate increases in both the cases 

because as the temperature of air reduces, the density of air decreases, thus maintaining a 

constant mass flow rate. 
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5. CONCLUSIONS 

 

The following conclusions may be drawn for work done in this project. 

 Dehumidifying coils are modeled and compared with experimental results to achieve 

a percentage error within +4% and -6.5% for a tube by tube approach. 

 HVACSIM+ model generates satisfactory results. The errors occur due to simplified 

models for the ducts and due to ignoring pressure losses in the heat exchanger. These 

drawbacks are taken into account while modeling in VBA. 

 Both Onion and Ping-pong theories result in similar final results, although the path 

taken to achieve this is widely different. 

 Onion theory is more strongly coupled from a heat transfer and air flow modeling 

point of view, and generates accurate results, but at the cost of computing time which 

is 4 times greater than that of Ping-pong model. 

 Both the models were run for four different time steps and the analysis suggests that 

Ping-pong is most affected by change in time steps. 

 For applications where the final result of any transient simulation is of main concern, 

Ping-pong theory is suggested. This gives similar result to the other theory when 

there is very little rate of change of the input parameters. In this case the refrigerant 

temperature when remains almost constant, Ping-pong gives results closer to that 

achieved by the HVACSIM+ model or the Onion theory. 

 For a better result of the change of parameters, i.e. the path followed by the required 

outputs, Onion theory is suggested to be used. Although it is more demanding in 
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terms of computational time than Ping-pong theory, it produces more accurate 

results. 

 

Future work in terms of system modeling includes a more detailed segment by segment 

modeling approach for dehumidifying coils. This will include much more book-keeping of 

the temperature data points at the end of each loop. A model validation can be carried out for 

refrigerants which have phase change inside the heat exchanger and its effects on wet-dry 

interface in the coil. A detailed study can be done in modeling more complex systems using 

Onion and Ping-pong methods to compare their performances with greater computational 

challenges.
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NOMENCLATURE 
 

  Temperature,° C   
  Enthalpy, kJ/kg  

   Fictitious air enthalpy, kJ/kg  

  Air side heat transfer coefficient, W/(m
2
K)  

   Air side mass transfer coefficient, kg/(s· m
2
)  

   Cold fluid heat transfer coefficient, kg/(s· m
2
) 

   Lewis Number  

   Prandtl Number  

   Nusselt Number  

   Reynolds Number  

  Conduction coefficient, W/(m· K)  

   Specific heat, kJ/kg
 o
C  

 ̇ Heat transfer rate, kJ  

  Surface area, m
2
  

  Humidity ratio  

    Enthalpy of evaporation, kJ/kg  

   Saturated liquid enthalpy, kJ/kg  

 ̇ Mass flow rate, kg/s  

  Number of tubes of air cooling coil 

  Fin Spacing, m 

  Tube diameter, m 

  Tube pitch, m 

  Effectiveness 

  Diameter of impellor (m) 

  Density of air (kg/m
3
)  

Cp Specific heat of air (kJ/kgK) 

  Flow rate of air (kg/s) 

N Speed of the Fan (rps) 

   Pressure drop (kPa) 

       Non-dimentional flow, pressure drop and efficiency 

Δt time step (seconds) 

      Inside and outside heat transfer coefficients (W/m
2
C) 

   Thermal capacity of galvanized steel (mass*specific heat)(kJ/K) 

   Specific heat of air (kJ/kgK) 

w flow rate of air (kg/s) 

  Overall heat transfer coefficient (W/m
2
C) 

A Surface area of duct (m2) 

  Loss coefficient 

  Flow rate of air (m
3
/s) 
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   Gravitational constant =1 for S.I. units. 

 

 

 

Subscripts 

  Cold fluid 

  Hot fluid 

  Tube 

  Inner surface 

  Outer surface 

     Outer condensate film surface 

        Fin base 

       Fin tip 

    Fin 

  Fin 

  Free stream air 

      Liquid water 

      Water vapor 

   Dry bulb 

   Wet bulb 

         Dew point 

  Inlet 

  Outlet 

    Dry coil 

    Wet coil 

   Partiall wet coil 

  Saturated air 

    Equivalent 

   Equivalent 

i         inlet  

o+         outlet of current time step 

o-         outet of previous time step 

amb         ambient  
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