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ABSTRACT

NUMERICAL MODELING OF DAMPER CONFIGURATION AND ARRANGEMENTS
FOR ANALYSING THERMAL STRATIFICATION IN MODULAR AIR HANDLING UNITS

Rohit Antony Raymonds
The University of Texas at Arlington,2023

Advisor: Dr. Dereje Agonafer

Although air handling units are well established and maturated there are opportunities to
optimize and improve the overall thermal and flow performance to reduce the carbon footprint of
an air-cooled data center. Airside economization (ASE) arrangement to use cold outdoor air to
minimize mechanical cooling energy was substantial progress in minimizing the power usage
effectiveness (PUE) for data centers. ASE is an arrangement of ducts and dampers
with the necessary controls to meet the cooling requirements. Dampers play a significant role in
regulating the mass flow rate of the air and in mixing the two air streams: cold outdoor air, and hot
return air from the data center to a precondition. The effective mixing of these two air streams is
of at most importance to minimize the stratification and improve the performance of the
subsequent air conditioning processes such as direct/indirect evaporative cooling. Existing
literature investigated the effects of different damper angles on the mixing effectiveness. But the
literature lacks a comprehensive characterization and analysis of the damper sizing, configuration,
and arrangement and its influence on the flow patterns and air stratification. The literature also
lacks to encompass the effects of damper authority in properly matching the dampers to minimize
the overall pressure drop. The objective of this article is to analyze the effect of different damper
configurations (parallel/opposed blade), damper sizing, and damper matching on the mixing
effectiveness of the air streams. A numerical model of dampers in an air handling unit (AHU) was
validated using experimental data for the damper characteristics. Numerical modeling is used to
parametrically iterate different damper configurations such as parallel flow, counter flow, and a
combination of parallel and counter, damper angles. The pressure drop across the dampers and the
mixing effectiveness were calculated to have a direct comparison between different damper
designs and arrangements. It was observed that certain damper configurations and arrangements
yielded higher mixing effectiveness. Opposed blade dampers performed better than parallel blade
dampers when matched correctly. This study thereby provides a comprehensive guide for
manufacturers to appropriately design AHU factoring in different parameters such as
damper combinations and angles to provide optimum thermal and flow performance.



LIST OF ABBREVATIONS

P Density (kg/m3)

k Thermal Conductivity (W/m-K)

€ Kinematic Rate of Dissipation (m2/s3)
\% Velocity (m/s)

vl Viscosity (N/m2 s)

m Mass flow rate (kg/s)

q Heat load (W)

P Power (W)

% Volumetric Flow Rate (cfm)

ASHRAE American Society of Heating, Refrigeration and Air Conditioning Engineers

Re Reynolds number

Cp Specific Heat capacity (J/kg K)

P Pressure (in of H20)

DEC Direct Evaporative Cooling Unit
IEC Indirect Evaporative Cooling Unit
OA Outside air damper

RA Return air damper
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Chapter 1- Introduction

Data centers are crucial infrastructure facilities that house many servers and other computer
equipment. These generally generates a significant amount of heat due to functions such as
processing, manage, storage and interchange of data and information. This leads to malfunction of
the processors in use for which cooling systems are used to subside the temperature and run it in
an optimum state. It became very crucial to run the Data center very efficiently in optimal space
and resources and at the same time cost effectively. The cooling system occupies almost 30%-40%
portion of the total energy consumption [1-16]. Traditional data centers globally have decreased
their energy demand, from around 97.6 terawatt-hours in 2015, to some 50 terawatt-hours in
2019[17], Cost reduction can be attained by using various techniques such as air side
economization (ASE), Direct evaporative cooling (DEC) and Indirect evaporative cooling (IEC)

and Direct Expansion Cooling.

According to a survey a PUE of 1.65 is considered as an ideal average for modern data centers.
According to the Uptime Institute's 2021 Data Center Survey, the global average of respondents'

largest data centers is around 1.57 [18].

The American society of Heating, Refrigeration and Air Conditioning Engineers (ASHRAE)
recommended few thermal guidelines for the safe operations of IT equipment in data centers. Prior
to these guidelines, recommendations provided by the IT manufacturer on the operation of their
product in data center environment, which were not accurate due to multiplicity of usage of

equipment in a data center [19].


https://uptimeinstitute.com/resources/asset/2021-data-center-industry-survey
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Figure 1- Psychometric chart displaying various zones recommended by ASHRAE [19]

In 2011 ASHRAE released an updated thermal guideline for the data centers by publishing
different classes.

Equipment Environmental Specifications for Air Cooling
Product Operations™ Product Power Off-*
a : M ascimum
Class TE,::;::LI:-E" Humidity Range, Maximum E:v:::::m Temperature TEI:nTel::tler Relative
c Non-Condensing™*' | Dew Point* °C - Change'in an o Humidity* %
Hour ["C)
Recommended (Suitable for all 4 classes)
Al to -9°C DP to 15°C
A4 181027 | 5p and 60% RH
Allowable
-12°CDP & 8%
Al 15 to 32 RH to 17°C DP 17 3050 5/20 5to 45 2to 80
and 80% RH"
-12°CDP & 8%
A2 10to 35 RH to 21°C DP 21 3050 5/20 5 to 45 gto &0
and 80% RH"
-12°CDP & 8%
A3 5 to 40 RH to 24°C DP 24 3050 5/20 G to 45 2 to 80
and 85% RH*
-12°CDP & 8%
Ad 5to45 RH to 24°C DP 24 3050 5/20 5 to 45 8to 80
and 90% RH*
B 5 to 35 E:ﬁ ;“EE; ‘;Ef 28 3050 NA 5 to 45 8 to 80
c 5 to 40 Eﬁ";;‘;é; ‘;Ef 28 3050 NA 5to45 | 8to80

Figure 2 - Table of ASHRAE recommendations for air cooled data [20]



Chapter 2

Introduction to Free cooling and evaporative cooling

Air side economizer or free cooling:

An air-side economizer is a device or mechanism that brings fresh outside air into a building's
HVAC (heating, ventilation, and air conditioning) system, reducing the need for mechanical
cooling. The air-side economizer takes advantage of cool outside air to provide free cooling and
ventilation to a building, which can reduce energy consumption and costs associated with air
conditioning. The system works by using sensors to monitor the temperature and humidity levels
of the outside air and comparing them to the conditions inside the building. When the outside air
is cooler and drier than the indoor air, the air-side economizer opens a damper to allow the outside
air into the building, and the HVAC system shuts off the mechanical cooling. This process can
also improve indoor air quality by flushing out stagnant air and introducing fresh air into the
building. Air-side economizers can help reduce energy consumption and costs associated with
cooling and ventilation, as well as improve indoor air quality and occupant comfort.

Return
Air

Supply Air
Cooling
Heating

Mixed Air

BSD Solutions
Figure 3 — Air side Economizer [21]
Evaporative cooling

Evaporative cooling is a natural process in which water absorbs heat from the surrounding air and
evaporates, resulting in a cooling effect. The principle behind phase change cooling is that the
use of warmth to vary from liquid to vapor [6]. Evaporative cooling techniques can be used where
traditional cooling systems can be avoided. Evaporative cooling is more effective in dry climates
where humidity is low because the air has a greater capacity to absorb water. Evaporative cooling
is an energy-efficient alternative to traditional air conditioning systems, as it consumes
significantly less energy. However, it may not be as effective in humid climates, as the air has less
capacity to absorb water and the cooling effect is reduced. Additionally, it requires a steady supply
of water and may increase humidity levels in the building or room.



Types of Evaporative Cooling

There are two types of evaporative cooling systems, direct evaporative cooling, and indirect
evaporative cooling.

Direct Evaporative cooling

In direct evaporative cooling (DEC), the air from outside is introduced into water saturated
medium and is cooled through evaporation. With the help of blower air is circulated inside the
unit. DEC adds moisture to the air up to its saturation point. The dry bulb temperature is reduced
keeping the wet bulb temperature constant. Most of the time these systems are used in home and
industries. DEC is economical comparing it to vapor compression system also it consumes less
energy [22].

Z

Warm air Cool air

Figure 4 - Direct Evaporative Cooling [23]

Indirect Evaporative cooling

In indirect evaporative cooling (IEC), a secondary air stream is cooled using water and is passed
through a heat exchanger where it cools the primary air stream from the direct evaporative cooling
method. This cooled air is circulated into a system using a blower. In this method moisture is not
added to the primary air stream. Dry bulb and wet bulb temperatures are reduced [22].

Exhaust

Cool air

Primary
air stream

Secondary
air stream

Figure 5 - Indirect Evaporative Cooling [23]



Chapter 3

Introduction to Air handling units and dampers

Air handling unit (AHU):

Modular air handling units (MAHUSs) are commonly used in data center cooling and commercial
buildings to regulate indoor air quality and temperature. The air handler is a large metal box
connected to a duct, ventilation system that distributes the conditioned air throughout the building
and returns to AHU.These units consist of several components, including dampers, filters, heating
and cooling elements, humidifiers, mixing chambers which are critical to their operation.
However, thermal stratification, which refers to the layering of air with different temperatures in
a space, can occur within MAHUSs due to poor damper configurations and arrangements. This can
result in inefficient energy usage and poor indoor air quality.

Dampers:

A damper is a component that can regulate or completely block the flow of air in an HVAC mixing
chamber. Air is usually supplied to the mixing chamber from different directions, and dampers,
which can be controlled by a system, are responsible for controlling the airflow through the
chamber. The airflow through an air outlet, inlet, or duct can be adjusted using dampers, which
can be manually adjustable, or part of an automated control system.

Parallel Damper

Parallel blades rotate so they are always parallel to each other; therefore, at any partially open
position, they tend to redirect airflow and increase turbulence and mixing within the downstream
duct work or plenum. This characteristic makes them good candidates for return and outside air
intake into a mixing chamber.

F

/ N
PARALLEL
BLADE
ACTION o §

29

S

AIRFLOW THROUGH

PARALLEL BLADE DAMPER

AT ONE-THIRD CLOSED.
M10414

Figure 6- Parallel Damper Figure 7- Schematic image of Parallel Damper [22]



Opposed damper:

Opposed blades rotate opposite each other in adjacent pairs. Air discharge through this type of
damper is straighter and a bit quieter under partial-flow conditions. Opposed blade dampers are
often specified where air direction control is important relative to other factors, such as within final
volume control devices. The flow characteristics of parallel and opposed dampers are different; an
opposed blade damper must be opened further (creating a higher modulating pressure drop) to
provide the same percentage of total air volume as a parallel damper (creating a lower modulating
pressure drop). When they are wide open, the pressure drop is the same for both types.

iy T — Nl
\& =
A S
© / mrm/m:m

4 T O ThaRD CLOSED.

Figure 8 - Opposed Damper Figure 9 — Schematic image of Opposed Damper [22]

Damper Authority:

Damper authority is crucial in correlating damper blade angles, velocity ratios and mixing volume
ratios of OA and RA when utilizing motorized damper control and feedback configuration [9].

Damper Authority (%) = (Open Damper Resistance) x 100%
(Total System Resistance)

At lower damper angle the flow increases at higher rate and Damper authority is minimum on the
total pressure drop in the system. Based on the Damper Authority percentage, we can find the
combination of the damper angle for the OA & RA.

To find the damper angle combination, we must calculate the percentage of the two-stream mixing.
Once we know their respective percentages, we can calculate the damper angle from the flow
characteristic curve using the damper authority.



PERCENT OF MAXIMUM FLOW

INSTALLED FLOW CHARACTERISTICS AT
DIFFERENT DAMPER AUTHORITIES (1-100%)

o 10 20 30 40 50 60 70 80 90
DAMPER POSITION, DEGREES OPEN

Fig 10- Flow characteristics at different Damper Authorities [23]



Chapter 4

Experimental setup

The experimental setup comprises of two chambers. A nozzle plate is positioned between these
chambers, consisting of three 6-inch nozzles that can be opened or closed based on the
experiment's requirements. The nozzle is selected based on our desired flow range. The chamber
is constructed with pressure taps on each side of the nozzle to measure the pressure drop. The
differential pressure is measured with the two hose barbs in the center of the chamber. The static
pressure is measured with the hose barb closet to the front plate and the pressure will be positive
for the airflow into the chamber. Pressure drop across the nozzles is measured with a differential
pressure transducer (setra model 264; +/-0.25%, +/-0.4%, 1% FS accuracy;0-10PSI). The pressure
applied to the test object is important to know since air flow is relative to the applied pressure
differential. This pressure is usually measured in Inches of Water column or “wc. The overall
pressure drops, channel wall temperature, and power to each channel are recorded using a data
acquisition (DAQ) unit (34972A, Agilent).

Pressure

Inflatable Transducer Valve to deflate

Blast seals the seal
gate 6"

Pressure
tubes

Fig 11 — Schematic image of Air flow bench

9 x Velocity Sensors

Blades

Damper

Fig 12 — Schematic image of front section of Air flow bench with Damper



The photograph of the custom built 4m long closed cuboid setup as shown in fig 13 is made with
velocity sensors attached at the end of the cuboid setup to ensure neglecting the turbulence formed.
A 3x3 mesh type is made with the help of strings and the velocity sensors are attached to it as
shown in fig 15. In which these velocity sensors are already calibrated. Then the setup is run at
different frequencies to plot a graph. With the help of the graph, a slope is taken out to get gain
and offset values. Then, the pressure reading from the nozzle and the flow sensor are compared
and calibrated by changing the gain and offset values.

Fig 13 — Image of Air Flow Bench

Once the setup is calibrated, a 24*24" damper as shown in fig 6 single side opening blades is
attached to the airflow bench to determine the pressure within the chamber and the atmospheric
pressure. This damper is then run at four different angles, 30, 50, and 80 degrees, at different air
flow frequencies such as 20hz, 30hz, 40hz to plot a graph. Subsequently, another damper with 4
crossflow opening blades as shown in fig 14 is attached to the airflow bench, and the same
procedure is repeated.

Fig 14 — Image of Front section of Air flow bench Fig 15 — Image of Air flow bench with Flow sensors



Then, the same experiment is repeated with 1.5m cuboid setup extended from the damper where
the atmospheric pressure is measured at a desired distance from the damper to make a study.

Damper Characterization Graph:

Pressure drop vs Flowrate — 24”x 24" Parallel flow Dampers
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Fig 16- Plot for Pressure drop vs Flow rate

The shape of the Del P vs flow rate graph can reveal important information about the system or
component being studied. For example, a flat or nearly flat curve may indicate that the system has
low resistance to flow, while a steep or sharply rising curve may suggest that the system is
becoming increasingly restricted as flow increases.

In addition, it helps analyze the performance of fluid flow systems, Del P vs flow rate graphs can
also be used to optimize the design and operation of such systems. By studying the graph and
identifying the point at which maximum flow is achieved with the least amount of pressure drop.
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Chapter 5
CFD MODELING

The Aztec ASC 5 model from Mestex is considered for the CFD modelling. Numerical modeling
analysis is done using 6SigmaRoom CFD tool by Future Facilities. 6Sigma Room is a commercial
computational fluid dynamics (CFD) software tool designed specifically for the analysis of indoor
air quality and thermal comfort in buildings.

Supply

Temperature .
air vent

Sensors
Outside Air
Damper

Fan

Return Air
Damper

Outside
Air Damper

Fig 17 — CFD model for Air handling unit

Model Specification:

Geometrical Specification

AHU Chamber size — 42.5 * 52 * 152 inches
Return air vent size — 24 * 24 inches
Outdoor air vent size — 24 * 24 inches
Damper size — 0.5 * 24 * 24 inches

Fan Specification

Fan Diameter — 15 inches

11



Fan Flow rate — 2000 CFM
Number of Fans — 1
Evaporative Pad Specification
Number of cooling pads — 1
Pad thickness — 12 inches
Pad dimension — 42.5 * 52 inches
Note: Mixing chamber dimensions are replicated from Aztec ASC 5 unit
Boundary Conditions:

Outside Air Temperature - 37F
Return Air Temperature - 117F
Target Mixed Air Temperature - 80F
k-& Turbulence model

No. of Fans - 1

Total Flow Rate — 2000 CFM

Total Cell Count — 0.8 million

No g~ wh R

Adiabatic mixing:

Adiabatic mixing is a psychrometric process where we mix two different air streams to obtain a
third mixed air stream. The conditions of the resulting mixture can be obtained from the mass
and energy balance [25-28].

Energy Balance: m1h1+m2h2=m3h3

Mass Balance: m1+m2=m3

ol Pl P P

S
%H“H‘ - -.\ma.i'l'ma.:z =Ma3

<)
-

N

Fig 18 - Adiabatic mixing schematic with process line on the psychrometric chart [25]
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In this study, we have chosen two streams at temperature of 37-degree Fahrenheit and 117-degree
Fahrenheit at a relative humidity of 50% for both streams. Outdoor air temperature was set at 37F
because the lowest average temperature in a year in Dallas-Fort Worth area was 37F and the return
air temperature was chosen as 117F because a typical class A4 has return air temperature up to
117F. So, these extreme cases were considered to study the mixing phenomenon.

The first and second air stream points were plotted and connected by a straight line to determine
the desired temperature of the mixed air, which was set at 80°F. All other conditions were derived
from the psychrometric chart. This graphing allows us to determine the proportion of each air
stream, or the OA/RA ratio. 40 percent of the whole volume was determined to be RA.

ASHRAE PSYCHROMETRIC CHART NO. 1 Ve 4 AT TN R ~ —
E NORMAL TEMPERATURE EA LEVE </t / R 2 T 4 T :

DAY BULE TEMPERATURE *C

Fig 19 - Adiabatic mixing of OA and RA on psychrometric chart

Mixing Effectiveness

Mixing of two streams can be quantified using mixing effectiveness such as range
effectiveness[9].

Mixing Effectiveness = [1 — Imax=Tmin)]* 100%
(TRA-T0A)

Where,
T max- Maximum Temperature in the plane of measurement

T min- Minimum Temperature in the plane of measurement

13



T RA- Return Air Temperature
T OA- Outdoor Air Temperature

Grid Sensitivity Analysis:

Grid sensitivity analysis is carried out to make the model accuracy independent of the mesh size.
By carrying out grid sensitivity analysis we can find the minimum number of grids that is needed
for the model, increasing the grid count after which is irrelevant to the accuracy of the model, and
it just increases the computation power [30-46]. Grid sensitivity for this study was carried out on
dampers since most of the model is open and plain. From the literature review we can say that grid
sensitivity analysis is an essential step in numerical simulations, ensuring the accuracy and
reliability of the results. By systematically investigating the impact of grid changes, engineers and
scientists can make informed decisions regarding the appropriate grid resolution for their specific
applications [47-55].

Grid Sensitivity Analysis
0.8
0.7

—o ®

0.5

0.4

Pressure Drop (in. H20)

0.3
0 200000 400000 600000 800000 1000000 1200000 1400000

No.of Elements

Fig 20 — Plot for Grid Sensitivity Analysis
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Chapter 6

Results and Discussion

The mixing of air streams plays a vital role in determining the efficiency of the evaporative cooling
media. Usually, poor efficiency leads to higher pumping power for the evaporative media. The
objective of this article is to analyze the effect of different damper combinations (parallel/opposed
blade), for different angles such as 30°, 50°, and 80°. This is done by a commercially available
software, 6sigmaroom.

Damper Combination
[ cme | Rewmar | OusieAr | OusieAr | Vemange
30

1 Parallel Parallel Parallel 50
80
30
2 Opposed Opposed Opposed 50
80
30
3 Parallel Opposed Opposed 50
80
30
4 Parallel Parallel Opposed S0
80
30
G) Opposed Opposed Parallel 50
80
30
6 Parallel Opposed Parallel 50
80

Fig 21 — Table for Different Damper Combination

So, there are overall 6 cases with the combination of return air, outside air and vent angles which
makes an overall combination of 54.

15



Mixing Effectiveness and Pressure drop observations:

20

16
14
12
10

Mixirg Effectivaness (%)

2K s othom

Case 1

3 - 5

Configurations

— Mixing Effectiveness

Total Del_P

Total Pressurae drop (in.H20)

Fig 22 — Plot for Mixing Effectiveness and Total pressure drop vs different configurations for case 1
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100

Mixirg Effectivaness (%)
3

20
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Configurations

— Mixing Effectiveness

Total Del_P

Total Prassurae drop (in.H20)

Fig 23 — Plot for Mixing Effectiveness and Total pressure drop vs different configurations for case 2
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Mixirg Eff ectiveness (%)
obBE s 5388388

Case 3

3 4 5

Configurations

Mixing Effectiveness

—0.810.63 0.58 0.67 0.50.450.63 0.46 0.41

Total Pressure drop [in.H20)

Fig 24 — Plot for Mixing Effectiveness and Total pressure drop vs different configurations for case 3
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Fig 25 — Plot for Mixing Effectiveness and Total pressure drop vs different configurations for case 4
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Fig 26 — Plot for Mixing Effectiveness and Total pressure drop vs different configurations for case 5
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Fig 27 — Plot for Mixing Effectiveness and Total pressure drop vs different configurations for case 6
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Mixing Effectiveness Comparison:

Mixing Effectiveness Comparison
120

100

Mixing Eff ectiveness (%)
g

Configurations

—a— Case 1 Mixing Effectiveness —a— Case 2 Mixing Effectiveness Case 3 Mixing Effectiveness

Case 4 Mixing Effectiveness —a— Case 5 Mixing Effectiveness —a— Case 6 Mixing Effectivensess

Fig 28 — Plot for Mixing Effectiveness Comparison

According to the graph, it is evident that case 2 exhibits the highest air mixing effectiveness
compared to the other cases. This conclusion is supported by the damper combination table, where
case 2 utilizes opposed return air damper and opposed outside air damper configurations. This
configuration suggests that using opposed dampers for both return and outside air contributes to a
higher percentage of air mixing effectiveness. On the other hand, in case 1, both the outside air

damper and return air damper are parallel dampers, which results in the lowest air mixing
effectiveness among the different cases.

Pressure Drop Comparison:
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Fig 29 — Plot for Pressure drop Comparison
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From the above graph, we can say that the pressure drops for case 4 with respect to the
configuration is linear and less when compared to case 2. As we know less pressure drop and flow

rate value will less to low pumping power. So, higher the pressure drop value, higher will be the
pumping power and vice versa.

Temperature Contours:
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Fig 30 — Temperature Contour for Case 2 Fig 31 — Temperature Contour for Case 3

The figures provided, Fig 30 and Fig 31, depict temperature contours for the cases with the highest
and lowest air mixing effectiveness, respectively. The image on the left represents a scenario where
maximum air mixing effectiveness of 98% is achieved, while the image on the right corresponds
to the case with the lowest air mixing effectiveness of 1%. It is important to note that in this study,
the values have been normalized to facilitate comparison and analysis.

Velocity Vectors:
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Fig 32 — Velocity Vectors for Case 2 Fig 33 — Velocity Vectors for Case 3
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Figures 32 and 33 display Velocity Vectors for the cases with maximum and minimum air mixing
effectiveness, respectively. In the image on the left (Fig 32), it is visually apparent that the air is
well-mixed, resulting in reduced thermal stratification. Conversely, the image on the right (Fig 33)
illustrates poor air mixing, leading to inadequate air mixing effectiveness and significant thermal
stratification. By analyzing the velocity vectors, one can observe the flow patterns and understand
the impact they have on air mixing. The clear distinction between the two images highlights the
importance of effective air mixing for minimizing thermal stratification within the space.
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Chapter 7

Conclusion

The objective of this study was to address the issue of thermal stratification in air handlers that
often occurs under varying operating conditions, and to improve the air mixing effectiveness to
reduce the pumping power required for direct evaporative cooling using a cooling media. The
findings of the study clearly demonstrate that using opposed blade dampers is an effective
approach to achieving good air mixing, as compared to parallel blade dampers. In conclusion, for
the Aztec 5 model, it can be concluded that the most effective arrangement of Return air damper
blades is through the implementation of opposed blade dampers, which have the potential to
significantly reduce thermal stratification and improve cooling efficiency. These results have
significant practical implications, as they can guide the design and operation of air handling
systems, ultimately leading to energy savings and enhanced performance.

In future, including details about the shape of the opposed blade is important because it can affect
the level of turbulence and mixing that occurs. By considering the shape of the blades, one can
imagine that it may influence the flow of the fluid, potentially leading to an increase in turbulence
and ultimately resulting in a greater level of mixing. Therefore, it is crucial to consider the blade's
shape when analyzing mixing processes. And, vertical dampers are often preferred for their ability
to provide more accurate airflow control, especially in systems where it is crucial to maintain a
certain pressure.
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