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Chapter 1: Introduction

1.1: Separate Sensible and L atent Cooling (SSLC)

Separate sensible and latent cooling methods herenéxt step in cooling
technologies. The vapor compression cycle (VCG@gayoboasts a Coefficient of
performance (COP) of around 3, but with SSLC syste©P’s closer to 3.8-4.0 can
be attained. Cooling can be broken into two pasemsible cooling and latent
cooling. Sensible cooling is the reduction in temgbure whereas latent cooling is the
removal of humidity, or moisture from the air. &fard vapor compression systems
(VCS) often overcool the space air to reach the ¢®wt temperature, or the
temperature at which moisture from the air will dense to lower the humidity ratio
of the air. This overcooling requires a greaterspure difference between the high-

and low-side pressures of the VCC, requiring atgre@ompressor power input.
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Figure 1: Psychrometric process for conventional VC [1]

Figure 1 shows the psychrometric process of a atan¥CS. The air is
cooled across the evaporator, passing through [Boiot begin the latent cooling to
point C. Point D is the target condition, whichsimme cases requires reheating of the
air to meet the specified air temperature. Thesaghg could also account for

additional power consumption.
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Figure 2: Psychrometric process of SSLC System [1]

Figure 2 shows the psychrometric process of one pfpSSLC system. In
this case, air is cooled over the evaporator siighelow the target point D to point
B. The air is only slightly overcooled because titecess used to remove the
moisture from the air increases the temperaturé, domes not affect the overall
efficiency of the system substantially. The speditemperature and humidity level
can be achieved through two separate processedasghenergy consumption. No
substantial overcooling occurs, reducing the cosgme power input, and no
additional reheating is required, eliminating thatver consumption altogether.

Specifically, the SSLC system used in this invedian is the integrated solid
desiccant wheel (DW) and VCS. A standard vapor pression system (VCS)
removes heat from a space by flowing air over @ esaporator, and exhausting the

heat to the environment by flowing air over the mvarondenser. The solid DW-VCS



operates similarly, with an additional state pomtthe process air flow and an
additional waste heat air flow path.

Y d eT
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7
Condenser

4 2
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x- Comp
Yy ° !

——
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Cd T
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Figure 3: Standard Vapor Compression Cycle

Figure 3 shows the standard five state points V@@hough desuperheating
occurs within the condenser as an entire process $tate point 2 to state point 4, the
division is shown to show the difference in Figdre This cycle has three loops; the
refrigeration loop, the process air loop over thepsrator and the exhaust air loop
over the condenser. Process a-b-c is also divededecause the air is reduced in

temperature from a-b, and then reduced in temperand humidity in b-c.
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Figure 4: Integrated Solid DW-Vapor Compression Cycle

Figure 4 shows the integrated DW-VCC. In thegni¢ed system, there are
four loops. The refrigeration loop remains the samith the addition of an extra
condenser, appropriately named as the desuperioeaerser. The desuperheat
condenser is specifically designed to remove hedy antil the point where the
refrigerant crosses from the superheated vapoomeagto the two-phase region.

The purpose of this extra condenser is to enswaetkte air is heated to the
required regeneration temperature of the DW. Tk i2moves moisture from the
process air loop, but in order to remove moistursogbed in the DW, hot dryer air
must pass through the DW on the regeneration sibl@s extra condenser has the
added benefit of reutilizing what would normally tensidered waste heat, whereas a
standard solid DW system would usually utilize atra electric heater, consuming
even more energy.

The process air side loop separates the sensill&atent cooling between the

evaporator and the DW, respectively. Becausevhparator is no longer required to



remove the latent load, the evaporation temperatainebe much closer to the target
space temperature.

Finally, the exhaust loop remains the same, basdwt require as large of a
capacity condenser because part of the load wasvesmthrough the desuperheat
condenser. The remaining heat load is exhaustetiegcenvironment at a lower

temperature.

Not only does separate sensible and latent coatioaggase COP and reduce
power consumption, it also increases thermal camfdt is rare to see a more
efficient system that does not come at the costoofifort or luxury. A person’s
humidity comfort level can be specifically met watlt reducing the temperature to
uncomfortable levels. SSLC units give the useranprecise control over their

comfort while also saving energy.

1.2: Packaged Terminal Air Conditioning (PTAC) Unit

The packaged terminal air conditioner (PTAC) isetatively small
self-contained air handling unit primarily usechiotels, small office spaces and some
apartment and residential areas. The PTAC urstigithe wall. All heat and mass
transfers occur either through the front or backtleé unit. The space air is
conditioned and returned to the space through tbet fof the unit, and heat is
exhausted from the condensers in the VCS througtb#itk of the unit as shown in

Figure 5.



Figure 5: PTAC Unit Air Flow

The PTAC unit is large enough to fit the necessalgitional components of a
solid DW assisted AC system, unlike a standard awanounted AC unit. The
PTAC unit is also the smallest sized air conditroc@pable of fitting the additional
components, which means that any AC unit largem tiaa PTAC unit could

incorporate the DW assisted SSLC design.

1.3: Potential for | mprovement

Based on previous experimentation run on the fwsttotype of the DW
assisted SSLC unit, the design has the potentia 0% increase in efficiency, or a

COP of approximately 3.8 [2].



Table 1: Annual Cost and Savings for a 12,000 BTUTAC Unit

Annual Average Electricity Cost By State

Idaho National Connecticut Hawaii

(Low) Average (High) (Outlier High)
Electricity Rate [cent/kWhr] 6.44 9.9 16.35 31.59
PTAC Unit Cost [S] 749.99 749.99 749.99 749.99
SSLC Unit Cost [$] 900 900 900 900
Annual Estimated Operating Cost of 84 62 130.09 514.84 415.09
PTAC* [$]
Annual Estimated Operating Cost of

67.62 103.95 171.68 331.70
SSLC** [S]
Annual Savings Comparison (PTAC and

17.00 26.14 43.16 83.40
SSLC) [S]***
Simple Payback Period [yrs] 8.82 5.74 3.48 1.80

*Power input 1.095 kW

Table 1 shows a conservative estimate of the patesost savings that come
along with a unit 20% more expensive, but 30% nadfieient. The annual estimated
operating cost is based on an average cooling sedsp200 hours. Most likely the
cooling season will be much longer in regions where both hot and humid. Also,
the SSLC system has the potential for greater #aB0% efficiency increase,
especially over the course of an entire seasomicned the simple payback period to

2-5 years depending on the electricity cost andimgseason.

1.4: Objectives

The objectives of the current investigation candveken down into the
objectives of the entire project, and the desigedlves that must be met in order for

the design to meet product commercialization resents.



1.4.1: Project Objectives

The project objects are as follows:

Design and commercial PTAC prototype integratedhwat
solid DW.

Experimentally investigate the effect of the DW isiesl
dehumidification on energy consumption and thernmaatyic

performance of the novel PTAC design.

1.4.2: Design Objectives

Based on discussion with the manufacturers andiewe of

commercially available PTAC units, the followingsitgn objectives were considered

for the design of the PTAC prototype in the currendy:

Restrict length and height to commercially avagaliTAC
unit dimensions to allow retrofitting.
Prototype unit's depth and weight to be less thah times
commercially available PTAC unit dimensions
Restrict cost to 1.2 times commercially availableAE units
of similar capacities

o Approximately $900 for 12,000 BTU unit

o Depending on region, simple payback period of 2-5

years

Increase COP by approximately 30%



Chapter 2: Heat Exchanger and Cycle Modeling

Computer modeling and simulation of the system @maomponents were
performed using several software packages inclugig§ [3], CoilDesigner [4], and
VapCyc [5]. EES stands for engineering equatiduesaand can be used to run state
point analysis on thermodynamic models. EES usksrary of fluid and material
properties along with input equations to model riedr systems. CoilDesigner is a
steady-state simulation tool for determining indiwal heat exchanger performance
based on inlet conditionand the geometry characteristics of the heat exgran
VapCyc is a steady-state component-by-componentlatian tool for modeling system
performance based on directly calling CoilDesigheat exchanger models as well as
basic expansion device and compressor models|6],[7

Modeling was first done for an air handling umtdetermine the psychrometric
state points of air and the sensible and latentirgpoatios of a standard cooling capacity.
Then, based on the sensible cooling load, modeliag done for a standard VCC that
operates above the dew point temperature of theepsoair, handling only the sensible
load. The VCC model provided the required dispiaeet of the compressor as well as
the mass flow rate of the refrigerant.

Next, modeling was done using CoilDesigner to nhaskch individual heat
exchanger used, based on the heat exchangers prebgisting PTAC unit. Finally,
modeling of the entire system was done in VapCyeguthe heat exchangers designed in

CoilDesigner as well as the system properties detexd in the EES models.
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2.1: Cooling Load and VCC Mode

The first step in modeling the system was to madstandard air handling
unit to determine the sensible and latent cooloagls. Next, in order for the required
sensible load to be met by the VCC a VCC was madeBoth of these were done by
using EES [3]. Equations used to represent bositesys along with air and

refrigeration properties built into EES make systaeodeling faster and more precise.

2.1.1: Psychrometric Process for Cooling and Dedification

The purpose of modeling the entire psychrometrmcess for cooling and
dehumidification was two-fold. The first was todi the sensible heat factor (SHF),
and the second was the water removal rate. TheiSHE&cessary to determine what
percentage of cooling is sensible, which must Ineokeed by a properly sized VCS,

and what percentage is latent, which must be rethbyea properly sized DW.

Make Up

Wentilated
Air Intake . M

Process Air
e (A3} §j - (az) |.. —_—
f e e [t T

Air-conditioned
Space

»

Air Handling Unit

—10-

A i
| As |Retumn Air

Figure 6: Air Handling Unit Process Diagram
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Figure 6 shows the diagram of the entire systertudineg the air handling
unit. Beginning at state point [1], the air to d@nditioned leaves the interior zone
and flows through the system to junction M1 whemspacified percentage of the air
is reprocessed and the remaining air is ventilatgdnto the environment. Because,
the air does not undergo any changes in humidityeorperature, state point [2]
operates under the same condition as state pdira [lercentage of the total mass of
the air. The temperature and relative humidityenvset according to ANSI/AHRI
Standard 310 [8]. Those two parameters can bealsad with the constant pressure
of 101.325 kPa to determine the rest of the paramsett state points [1] and [2] to
include humidity ratio, wet bulb temperature, dewinp temperature, enthalpy,
density and specific volume.

At the junction M2, adiabatic mixing occurs betwestate point [2] and state
point [3] with an output of state point [4]. Stadeint [3] is air intake from outside
represented by the ambient temperature and a kgiveehumidity. Using the
temperature, relative humidity and pressure, tliamaters of state point [3] could be
determined as well.

In order to determine the parameters of state gdintinformation from the
surrounding state points in conjunction with adtabmixing relationships were used.
The volumetric flow rate was assumed to be propodi to the required cooling load.
The required cooling load could be set to any gisieze, but for the purpose of this
analysis, in order to match similar units, a 12,800 (3.5 kW) cooling load was set.

In order to determine the remaining parameterfi@fstate points [4] and [5],

equations relating the mass flow rates of the twates points needed to be
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simultaneously solved using EES. First, it carabgsumed that the mass flow rate of
state points [4] and [5] are equal because theoalis cooling and dehumidification
occurring between the state points. Next, thebadia mixing occurring at junction

M2 must be looked at again on mass and energy dedan

mg[2] + my[3] = mq,[4] (1)
w = % 2)
mq[2] * h[2] + m4[3] * h[3] = m,[4] * h[4] 3)
mg[2] * w[2] + mg[3] * w[3] = mgy[4] * w[4] (4)

Using the four governing equations relating toadebatic mixing at junction
M2 along with the assumption that the mass flow kstween state points [4] and [5]
stay constant, enough parameters at state poiptanf [5] can be determined in
order to solve for the remaining parameters. Hiative humidity and the humidity
ratio were used at state point [5] to determine rikst of the parameters and the
enthalpy and humidity ratio were used for statenp#]. At state point [5] the
volumetric flow rate was used in addition to theafic volume in order to complete
the analysis.

Next, the AHU's SHF and water removal rate werewalted. Between state

points [4] and [5], cooling and dehumidificationcoc. The mass flow rate of the
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excess water removed from the air during dehunciion, or the moisture removal

rate was determined using the equation:

my, = mg[4] * (w[4] — w[5]) (5)

During cooling and dehumidification, there is on&t of moist air, and two
outlets of water removed and dehumidified moist aifhe cooling load can be
calculated using mass flow rate and enthalpy. rtteioto determine the enthalpy of
the water removed, the dew point temperature ¢ gtaint [5] was used because that
is the temperature at which the moisture from tindb@ecomes liquid water. Along
with the known pressure, the enthalpy was detemhiokethe water. Then, the

cooling load of the AHU was determined using théfeing equation.

mgq[4] * h[4] = Qcooling + mg[5] * h[5] + m,, x h,, (6)

Because of the phase change occurring in the gpalim dehumidification

process, the cooling can be broken down into sknsibd latent cooling. The

sensible cooling load can be found using:

Qsensivie = Mg * Cp (T[4] —T[5D (7)
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The sensible cooling is the energy transferreduthinotemperature change,
without the energy change due to phase change.séimble heat factor (SHF) was

determined as the amount of sensible cooling tadta amount of cooling.

SHF = %ensible (8)

Qcooling

The latent load can then be determined by subtigq¢tie sensible load from the total
cooling load.

The model can be used to represent a system thausts air and vents in
new air. For the purpose of the design, no veirdiaor exhaust of the process air
was included, making it a much simpler system.rdasing the percent vented and
exhausted would overall increase both the sensbi@ latent loads due to the
addition of ambient air from the environment. Theults from the AHU model are

shown in Table 2.

Table 2: Air Handling Unit Model Results

Parameter Unit Value
SHF - 0.74
Moisture Removal Rate o/s 0.365
Sensible Cooling Load KW 2.58
Latent Cooling Load KW 0.92
Total Cooling Load kw 3.5

The SHF is usually around 70-75%. Based on thsilslencooling load, the

VCS modeled next needs to be designed to handimdr.58 kW of 100% sensible
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cooling. The moisture removal rate is importamédan determining the size of the

DW based on material properties.

2.1.2: Vapor Compression Cycle

The VCC was modeled assuming a cooling capacit§(000 BTU (2.93
kW) in order to oversize the system by roughly 10%tst, a standard VCC model
was developed, and then adjustments were madedar o achieve only sensible

cooling and the COP’s were compared.

Condenser
5

Compressor

e Electricity

7 Expansion 1

Vaive Evaparator i
i

&
Figure 7: Vapor Compression Cycle Process Diagram

Figure 7 represents the VCC modeled. The firg si@s to set the conditions

for the operation of the VCC.

Table 3 outlines the given parameters and equatiotiglly set up to begin
the analysis. These values were used in ordeissanae a more accurate model
which would come closer to representing the aabwatall system. The efficiencies

and pressure drops model a more accurate assungptidmat occurs in the system.
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Table 3: Vapor Compression System Modeling Assumpns

Parameter Value/Equation Parameter Value/Equation
TspaC' [OC] 27 M comg Nisen * Nmotor
Tamt [°C] 35 AT evap,inlK] 20
Qevap[KW] 2.93 ATsaK] 10
RPM 3500 Tuperheal °C] 10
M iser 0.9 — 0.0467 * PR | Tsubcoolind °C] )

Nvol 1—0.04 x PR Parop.eval KPa] S0
N motor 0.95 Rirop.cond KPa] 100

The given temperatures, temperature differencegpessbure drops were used
to determine the parameters of each state poitie €fuations for the efficiencies
could be used after solving for all of the statefmin conjunction with the pressure

ratio across the compressor (PR) as shown in tleniog equation.

PR = Pcomp,out (9)

Pcomp,in

The system was broken up into seven state poiBtate point [1] was the
superheated evaporator output as well as the casmrénput. State point [2] was
the compressor output and the condenser inputte $tant [3] was the point inside
the condenser when the working fluid (R-410A) wieaim the superheated region to
the two-phase region. State point [4] was the tpmirthe cycle where the working
fluid became a saturated vapor. State point [5] Wms subcooled portion of the
condenser and the condenser output.

State pdintd$ the isenthalpic expansion

valve output and the evaporator input. Finallgfespoint [7] was the point within the
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evaporator when the working fluid became a satdrai@por before entering the
superheated region and beginning again at state [igi

The first two temperature relationships involvece thifferences in the
determined ambient and space temperatures anddheng fluids in the condenser
and evaporators respectively. The next two temperaelationships determined the
amount of superheating and subcooling to be donthansystem. The following

equations represent the relationships of the teatyess in the system.

T[4] = Tymp + ATyt (20)
T[6] = Tspace — ATevap,in (11)
T[1] = T[7] + Tsupernear (12)
T[5] = T[4] — Tsubcooting (13)

T[4] and T[6] were based solely off of the givemifgerature difference of the
working fluid and the given set temperatures. Tabd T[5] were based off the
temperatures and T[7] and T[4], the edges of thegivase region and determined
how much superheating and subcooling, respectivedye to be done.

The next important parameters to be determined Whergualities of the state
points at the edges of the two-phase region. Tiaditees of state points [3], [4] and

[7] could be assumed due to them being saturadgads or vapors. State point [4]
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was a saturated liquid so it could be determinatlitthad a quality of 0. State points
[3] and [7] were saturated vapors so they couldssimed to have qualities of 1.
Each state point requires two independent paramateorder to determine
the remaining parameters. Anywhere within the phase region, pressure and
temperature are not independent parameters. Tnerdfvo more relationships must
be made in order to complete the system analySisst, it can be assumed that the
expansion process is isenthalpic. This meansttieate is no change in enthalpy

between state points [5] and [6]. Therefore, it ba assumed that

h[5] = h[6] (14)

The final important relationship used to analyze ¢licle was the relationship
of the enthalpies over the compression procesbgtween state points [1] and [2].
The compression process is not isentropic so tleesome entropy loss over the
compressor. Therefore, entropy of state pointddgs not equal to the entropy of
state point [2]. In order to relate the entroptls,isentropic efficiency must be used.
First, state point [2s] must be determined whichkesathe assumption that the
compression process is isentropic. Pressure t& ptants [2] and [2s] are the same

as well. Assuming the compression process isnggiat it can be assumed that,

s[1] = s[2s] (15)
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Now, using the pressure and entropy at state fgshtthe enthalpy, h[2s] can
be determined. Finally, the enthalpy at state tpf@hcan be determined using the

isentropic efficiency relationship shown in theldaling equation.

h[2s]-h[1]

Nisen = 7-nia] (16)

Now, with the enthalpy and pressure at state p{@ht the remaining
parameters can be determined. Using all of thatiogiships stated previously, the
equations can be simultaneously solved through ©E&termine the parameters at
each state point. The remaining parameters ngtnatly determined in the initial
evaluation can be determined using the two indeprinexisting parameters at each
state point.

Once all of the system parameters were determitiet,cooling capacity,
power inputs and COP could be determined. Finstmass flow rate of the working

fluid was calculated using the volumetric efficigrrelationship.

m

- 17
Tval pcomp,in*Vdisp*(%) ( )
The ideal compressor power could then be deternbgete equation,
Wcomp,ideal = m * (h[2s] — h[1]) (18)

This would be the power input of the compressoit ifvere a isentropic

compression, but due to the compressor efficieesg than unity calculated by the
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equation in Table 1, this was only the ideal corapoe input power used to determine

the actual compressor input power required.

w Jideal
Necomp = bl (19)
Wcomp,real

The actual compressor power input was determinedguthe isentropic

efficiency equation. Next, the heat transferredthe two heat exchangers was

determined.
Qevap = m * (h[1] — h[6]) — Wfan,evap (20)
Qcona = m * (h[2] — A[5]) (21)

The power of the evaporator fan was added intcetlaporator heat transfer
because the fan motor in the evaporator also adedheat load. The power input of
the evaporator fan will be determined at a lateinfpan the analysis. The heat
removed from the condenser was determined assutinerg were no external heat
loads.

The total power input required to power the systan be determined by
summing the power input of the compressor, evapofah motor and condenser fan
motor. The required fan motor powers were assubasgd on fan motors used in
preexisting units. For now, the power of the fantons mainly affects the COP

which can be adjusted later.
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WTotal = Wcomp,real + Wfan,evap + Wfan,cond (22)

The cooling capacity of the air conditioning urstrepresented by the heat
transferred to the evaporator. Therefore, the G{Re system can be determined by

dividing the cooling capacity by the total powepur.

COP = ~2evav. (23)

Wrotal

In this model, the evaporator load, or the cooliagacity was set based on
the previous AHU model. Changing the cooling céyaa this model will change
the compressor displacement. Once the standard W& modeled, thATevap,in
value was adjusted to a temperature above the dew femperature of the air. By
increasing the evaporator inlet temperature to alibe dew point temperature of air
at these conditions, it will ensure that all coglohone will be solely sensible cooling.
No moisture will be removed from the air at thesaditions. By keeping the cooling
capacity constant but adjusting the evaporatort itdmperature, the pressure ratio
will decrease and the compressor power consumptidinthen decrease. This is

where the potential energy savings of this systeauio
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Figure 8: Comparison of Standard and Sensible OnlyyCC
Figure 8 shows P-h diagrams of two VCC’s. The atbtine represents a
standard VCC for a 2.93 kW cooling capacity. Tokdsline represents a VCC for a
2.93 kW cooling capacity, but with 100% sensiblelow. Just from looking at the

plot it is obvious that the pressure ratio of teasble only VCC is lower and less

work needs to be done in the compressor.

Table 4: Comparison of Modeling Results for Two VCG

Parameter Unit Standard VCC | Sensible Only VCC
Qevay kwW 2.93 2.93
Pressure Ratio - 2.9 2.2

W comy kwW 0.773 0.559

V dist cm/rev 10.09 7.58

COP - 3.12 4.05
Tevap,ir °C 7 15

The values in Table 4 are subject to change sudhea€OP or compressor
power based on fan power requirements and compreffgnencies, but the model at

least shows the significant change due to the ghidnly sensible cooling. The latent
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load is removed by the DW which is powered by a 18Wtor so the additional
energy consumption is negligible to make the ur8tsakW unit. The COP will still
remain close to 4 due to an increase in fan poveeisumption which will be
addressed later in the design process. Now wehatiditional modeling results for
the evaporator and condensers, a more in depthlmgad the heat exchangers can

be done.

2.2: Heat Exchanger Model

The first step in modeling the heat exchangers madeling the preexisting heat
exchangers used in the original PTAC unit. Frorardgh designs that meet the
requirements of the new unit could be made basktthefpreexisting design. This
was done for the evaporator and the condenser.cdindenser in the preexisting unit
becomes two separate condensers for the desupedlggat and the remaining heat

transfer from the refrigerant.

2.2.1: Evaporator

The preexisting heat exchangers were tube-andyfpe theat exchangers. The
parameters of the evaporator was measured andruSmdlDesigner [3] to model the

preexisting coil.
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Figure 9: Preexisting Evaporator Coll

The coil was a staggered convergent two bank,tubes per bank design.
Due to the profile of the PTAC unit, the preexigtievaporator was wide and short.
This allowed for a significantly large air flow areallowing for a lower air flow
velocity.

The new evaporator was designed to be a microehameat exchanger
(MCHX). The MCHX can be significantly smaller thahe tube-and-fin heat
exchanger which was necessary in order to add iVet®the system. A smaller
surface area means a larger air flow velocity atarger air flow pressure drop, but
the pressure drop would be more negligible in campa to the pressure drop over

the DW.
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Figure 10: Preexisting Evaporator Tube-and-fin Coil

Figure 11: SSLC PTAC MCHX Evaporator
Figure 10 and Figure 11 show the design of theirmlgevaporator and the

MCHX designed for the SSLC PTAC unit.

Table 5: Evaporator Coil Comparison

. Preexisting SSLC MCHX
Parameter Unit
Evaporator Evaporator

Length m 0.66 0.29
Height m 0.254 0.281
Cooling Capacity kwW 3.8 3.3
Air Flow Rate mi/h 680 934
Air Pressure Drop Pa 27 54
Refrigerant Pressure Drog kPa 31.4 346
Tube Material Mass kg 3.35 0.29

26




There are a few negative effects of using a MCHXraw tube-and-fin heat
exchanger, but in the case of the SSLC PTAC umt,good outweighs the bad. The
profile is smaller so the air pressure drop is dediln the MCHX. This issue is less
negligible in the combined system due to the lggessure drop that needs to be
overcome through the DW. A larger and more powansaming fan is already
necessary in the SSLC unit. There is a highemgerant pressure drop as well which
will reduce the increased COP of the system.

The positives of the MCHX are what make it a betteoice for the SSLC
unit. Due to the more complicated air flow patéguired in the unit, the smaller heat
exchanger will be extremely beneficial. Also, togver amount of material will
reduce the cost of the heat exchangers. The DWaddl a large additional cost to the
overall system so replacing preexisting parts wéhs expensive components is

extremely beneficial.

2.2.2: Desuperheat Condenser and Condenser Il

Similarly to the evaporator, the preexisting cami was modeled before
designing a new heat exchanger. The differenaa tie original condenser though
is that the single larger tube-and-fin condensdreisg replaced by two smaller heat
exchangers. The condenser on the preexisting PUO#Cwas taller and narrower
than the evaporator because air intake for codliregcondenser was done from the

sides. The condenser also had two banks, butih$tad 22 tubes per bank.
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Figure 12: Preexisting PTAC Unit Condenser Coil

Figure 12 shows the coil design of the preexisttogdenser. The new
desuperheat condenser was designed as a MCHX ofaiime dimensions as the
evaporator. In order to reutilize the waste heahaved from the desuperheat
condenser, the air needed to reach a temperatw8°Qf. In order to remove heat
from only the hottest region, the desuperheat cosele only condenses the
refrigerant until it reaches the transition poiotthe two-phase region. The MCHX
needed to be designed to only operate in that meghdso, in order to heat the air so
high, the air flow rate needed to be low, whiclvlsy the same sized MCHX is used
for a 1 kW condenser and the 3.2 kW evaporator.

The condenser Il exhausts the remaining heat timoenvironment. The
MCHX used for condenser Il is larger than the fivgd heat exchangers. This allows

for lower fan power consumption and a larger hesatdfer.
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Table 6: Condenser Coil Comparison

Parameter Unit | Preexisting SSLC MCHX SSLC MCHX
Condenser | Desuperheat Condenser Condenser Il

Length m 0.67 0.29 0.34
Height m 0.35 0.281 0.33
Heat Capacity kw 4.01 0.9 2.7
Air Flow Rate ni/h 1,274 177 1,274
Air Pressure Drop  Pa 0.46 7 52
Refrigerant kPa 139 106 114
Pressure Drop
Tube Material kg 1.55 0.29 0.4
Mass
Air Outlet Temp °C 45 51 37

Similarly to the evaporator, there is a higherigefrant pressure drop and air
side pressure drop. The smaller size of the caetenis even more beneficial than
the reduction in size of the evaporator thoughthBmndensers need to be placed on
the backside of the PTAC unit with a common owttespace is limited. Because the
desuperheat condenser operates immediately agecdmpressor in the superheat
region, the air temperature can reach 50°C wittwaflow rate of approximately 180
m°h. The tube material mass is also lower for lwathdenser combined which again

is beneficial to the overall cost of the system.

2.3: Cycle Model

After the coils were individually designed, thdiensystem could be modeled
and optimized using VapCyc [5]. VapCyc is a progrthat can incorporate heat
exchangers designed in CoilDesigner into an em#ipor compression cycle designed
at the user’s discretion. VapCyc gives the engirtbe freedom to layout the

components in any manner. First, the original PTAQIt components were
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implemented into VapCyc to validate the model. Tltke coils were replaced by the

new MCHX’s to model the SSLC unit.

.

)4 L

o

Figure 13: SSLC System Diagram in VapCyc
Both systems were run using VapCyc. The superleatooling, expansion

valve parameters and compressor parameters weset @tually in both setups.

Overall System Results
0.563 W System State Points ~ Temperature Pressure
Junction TIK P[Pl

System COP 6.215 1 2911 1184388.386

System EER 21.207 Btuwhr 2 3165 2530172658
3 307,867 2403044 418

Total Refrigerant-side Capacity 312257 W 4 288451 1268645.355

Mt Air-side Capacity N2 W 5 R 2418598.90

Pawer Consumption B02.479 W

Figure 14: VapCyc Results for SSLC Unit
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Overall System Resulls

008 W System State Foints ~ Temperature Pressure

Junction TIK P [Fe]
System COP h674 1 296.814 1207202 55
System EER 19.36 Btuw-hr 2 U519 2705001934
3 11303 2616425888
Total Refrigerant-side Capacity  3085.152 W 4 287193 1223684 071
Net Air-side Capacity J089.152 W ] n7412 2673852 546
Power Consumption Rd4.461 W

Figure 15: VapCyc Results for Preexisting PTAC Unit
Figure 14 and Figure 15 show the VapCyc resultdbfith cases. Using the SSLC
heat exchangers and reducing the compressor despéat increased the COP of the
VCC. This increase in COP is not counting the @oldfal cooling capacity due to
latent cooling from the DW with negligible addit@npower consumption. It is
important to note though that the COP shown inMapCyc results does not reflect
the actual COP of the system because they do wouatfor fan power input which
would bring the COP down to a more reasonable 5ahge. The VapCyc model
only shows the effect of the newly designed VCCis lalso important to point out
that the 50°C air outlet for the desuperheat coseleis also achieved when running
the entire system, not just for the stand alondB@signer model which is important

to the success of the SSLC system.
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Chapter 3: Prototype Design

Once the heat exchangers were modeled, desigreegraperly sized, the
design layout could begin to take shape. The maigirototype was used as a starting
point, but the design had to be changed in ordecréate a unit that was more
practical for manufacturing purposes. The othengonents needed to be sized as
well. The main components that needed to be simrd the DW and the three fans;

one for each of the heat exchangers.

3.1: Prototype | Design versus Prototype || Design

The first prototype of the DW assisted SSLC uraswuccessful in reaching a
30% increase in energy efficiency, but that logesengineering significance if the

unit is not affordable or inconveniently designed.

Condenser

Figure 16: SSLC Prototype | Layout [2]
Figure 16 shows the layout of the first SSLC piyjite. There are two big
issues with the first prototype that were addresseithe second prototype. First is

the size of the unit.
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Table 7: SSLC Dimensional Comparison

Parameter Height [m] | Width [m] Depth [m] | Volume [m’]
Amana 12,000 BTU 0.41 1.07 0.56 0.80
Prototype | 0.64 1.20 0.60 1.51
Prototype Il 0.41 1.07 0.67 0.95
Aprototype -0.23 -0.13 0.07 -0.56

Originally the goal was to design a window size@ Anit with the SSLC
technology, but due to the required air flow pahd additional components such as
the DW it was impossible. The next larger sized was the PTAC unit, which was
similar in size to the first prototype. The dimemal restrictions were set for the
second prototype so that an old PTAC unit couldrddeofitted with a new SSLC
PTAC unit without additional construction or alteoas to the building. Table 7
shows the required changes to the original promotiat need to be made to meet the
requirements in the second prototype. In ordenae up for space in the length and
width dimensions, the depth of the unit is lardemt the standard unit, but that would
not affect the unit’s ability to retrofit an old RT unit.

The second big issue in the first prototype carséen in Figure 16. The
process air loop’s inlet is on the front of thetwamd the outlet is on the back of the
unit. The exhaust loop’s inlet is on the backh# tinit and the outlet is on the front
of the unit. In the PTAC unit, the mass transfan only flow through the front and
back of the unit, but the process air’s inlet antlet must only flow through the front
and the exhaust must only flow through the backis Takes for a more complicated
air flow path due to the DW because both loops nflst through the DW.
Therefore, in the second prototype, the DW needsetturned 90 degrees and both

air loops need to make sharp 180 degree turnss ihkbreases the pressure drop,
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increasing the required size of all fans. Thet fpsototype also incorporated a
radiative heat exchanger wall as an additional exatpr, so in the second prototype,
the single MCHX evaporator must also have a higloeting capacity. Because the
second prototype is smaller and requires more cotrgaflow loops, the footprints

of the fans also need to be smaller to meet theathsize restrictions.

3.2: Desiccant Wheel Sizing

The size of the DW is important for two reasorfi$e first reason is that the
size of the wheel determines the capacity of theeltbased on the amount of
desiccant material. The latent capacity and mastamoval rate calculated in the
latent cooling load were used to determine the efzthe DW. The latent capacity
and moisture removal rate of the system are 0.922kW/0.365 g/s, respectively. The
second important factor when deciding the sizehefDW is the height restriction of
the unit. The maximum height of the unit is 410 nmt after subtracting the height
of the casing, the space for components is redtc881 mm. The size of the casing
around the DW also needs to be taken into accolihe casing requires about 38.1
mm on all sides of the wheel, making the maximuee ©f the wheel to be 304.8
mm. Based on information from the manufactures,itheel was sized at a diameter
of 300 mm (~12 in) and 90 mm (~3.5 in) thickness.e B8 mm thickness oversized
the capacity of the wheel by about 20% for tespagooses. The DW is the largest

component in the SSLC unit and the entire layodesigned around the wheel.
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3.3: Fan Sizing

Each of the heat exchangers requires its own f&@ecause there is an
additional condenser in the SSLC unit, a third fi@eded to be incorporated into the
design. A single air flow loop cannot be usedldoth condensers due to the low air
flow rate required to maintain the higher regeneratemperature. However, a
higher air flow rate is required on the condenseén brder to exhaust the remaining
heat from the system. Additionally, the dimensiofighe fan as well at the power
consumption needed to be taken into account whensihg fans. Because of the
high pressure drop associated with the DW as veetha tight and complicated air
flow paths, more powerful fans were required fa dvaporator and the desuperheat
condenser. Overall, the fan power consumptiontvélhigher than preexisting PTAC
units, but still significantly less than the amowfitpower saved by downsizing the
compressor.

All fans chosen for experimental and testing pagsowere chosen to be
variable speed fans. They were also oversizedd8% ffom the expected pressure
drop. After testing and experimentation is congdetmore specifically sized fans
can be chosen, optimizing the system as well ascred the cost of the fans and the

overall unit.

3.3.1: Evaporator Fan

Based on the manufacturer’s data, the pressune tmough the DW was
calculated to be roughly 170 Pa. In addition t® BAV, a significant pressure drop

was also assumed based on the air flow path. Ngti®the air flow path restrictive,
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the path also requires the air to turn 180 degreBse required pressure drop was
estimated at a minimum of 300 Pa.

Not only did the fan need to be powerful enougloercome a high pressure
drop, it also needed to produce a high air flove.rathe standard PTAC unit uses a
cross flow fan which does not have the pressur@ diwe to turning the air 180
degrees. The cross flow fan does not have theirsgfjypower to overcome the
required pressure drop. A motorized impeller faaswhosen for the evaporator fan

due to its high pressure lift and air flow rate.

Figure 17: Motorized Impeller Fan [9]

The additional purpose of using the motorized itepéan is to avoid directly
forcing the air to turn 180 degrees, similar to ¢hess flow fan. Figure 17 shows the
motorized impeller fan used for the evaporator.e Totorized impeller fan’s inlet is
vertical whereas the outlet is horizontal. The farcapable of turning the air 90

degrees, reducing the pressure drop due to thp sinais.
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Figure 18: Evaporator Fan Performance Curve [9]

Figure 18 shows the performance curve of the nmddrimpeller fan. At the
design point of 934 fth, the fan has a pressure lift of 350 Pa. In otdebenefit
from the SSLC technology, the fan power cannot igaifccantly greater than a
standard unit's fan power and cancel out the cosgmrepower reduction. The
chosen fan has a rated power consumption of 145 Maaimum power [9]. The fan
is not expected to run at maximum power, so thegoavonsumption will be even
less than 145 W. The evaporator fan will reque lhiighest power consumption and
the estimated less than 145 W is right around whett be expected. An inlet nozzle
ring was also used in order to aid the air flowotlgh the inlet maximizing the

potential of the fan.

3.3.2: Desuperheat Condenser Fan

The desuperheat condenser fan must also overdmengréssure drop of the

DW, as well as the desuperheat condenser. Theyseelft required was estimated
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to be 250 Pa. The required air flow rate was diy ni/h in order for the air to

reach the required regeneration temperature of 50°C

Figure 19: Desuperheat Motorized Impeller Fan [10]

The desuperheat fan was chosen to be a centrifagalith a prebuilt case
around the impeller to direct the air flow in agigndirection. Figure 19 shows the
fan used for the desuperheat condenser. Similarlythe evaporator fan, the
centrifugal fan is used to turn the air 90 degmekout the associated pressure drop
of a 90 degree turn. The additional positive aspesociated with the centrifugal fan
is the built in inlet nozzle in the casing as wadlthe easily controlled inlet. Unlike
an axial fan, the inlet can be sealed to createparate air flow path directly vented

out of the DW and into the inlet of the fan.
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Figure 20: Desuperheat Fan Performance Curve [10]
Figure 20 shows the performance curve of the §pdccentrifugal fan. At
177 ni/h, the pressure lift is 325 Pa, significantly mdnen the estimated pressure
drop. The over sizing allows for a buffer in cdke pressure drop is larger than
estimated. The maximum power output of the faB4sw [10]. At the specified
design point, the output power is estimated tolbser to 48 W. The desuperheat fan
should be the lowest power consuming fan of theethr48 W was decided to be

sufficient and not have an adverse effect on trexalCOP.

3.3.3: Condenser Il Fan

The condenser Il fan was originally chosen to e axial fan used in the
standard PTAC unit. Once the design and constmudiegan, the large footprint of
the axial fan with the extruding motor could natfithin the design constraints. The
objective when choosing a new condenser fan wafintb a fan with minimal
additional power consumption, with similar air floate and a smaller footprint. In
order for a smaller fan to produce the same flae &g a larger fan, the RPM must be

higher, therefore increasing the power consumptidnlike the first two fans, this air
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flow path did not flow through the DW. Also, tharface area of the condenser Il
was larger than the desuperheat condenser andrat@poTherefore, pressure drop
was less of an issue with this fan. Based on tlggnal PTAC unit’'s exhaust airflow
path, the required pressure drop to overcome waghtp 40-50 Pa. The original
PTAC unit's exhaust airflow path did an immedia®0ldegree turn with a 40 W

axial fan.

Figure 21: Condenser Il Axial Fan [11]

Figure 21 shows the axial fan chosen for the eosdr. The motor is
contained within the profile of the blade, and tilade is flatter than the original
condenser fan. The depth of the fan was reduoad &bout 203 mm to 76 mm. The
diameter of the fan is 280 mm, well within the Heigestriction of the unit. The
reduced depth provides more freedom in the placememhe fan as well as the

condenser in the design.
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Figure 22: Condenser Il Fan Performance Curve [11]

Figure 22 shows the performance curve of the afaal chosen for the
condenser. The design point of 1,27%hhas a pressure lift of 60 Pa, more than the
estimated requirement of the fan. At this poihg power consumption of the fan is
78 W. The power consumption of this condensendan less than the fan used for
the condenser in the original prototype, assurihgt tthe additional power
consumption over the original fan will not impadtet 30% efficiency increase
objective. The condenser may not require that liga flow rate as well, reducing

the power consumption even more.
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3.4: Layout Design

Layout design was done using CAD software Solitkwdd2]. The purpose
of the CAD design was to layout the large compomeasftthe system optimally.
Many iterations of the CAD drawing were done utiié final design was chosen.
Each component was modeled or represented by a awnp of the same
dimensions. The CAD drawing was also used to laybe airflow paths, and to
determine whether there would be sufficient spaceniets, outlets, bypasses and air
flow.

Once the main unit was modeled and constructedpitbeess side air duct
was designed in CAD. The process side air ductesgmts the space requiring
cooling within the environmental chamber. The psxt side air duct was also
required to include all required instrumentationnadl as a humidifier and heater to

rehumidify and reheat the air to inlet conditions.

3.4.1: PTAC Unit Layout

As stated previously, the PTAC unit size was seteld on the preexisting
PTAC units. The overall length and height for g@mponents to fit within were
1016 mm and 381 mm, respectively. There was nteeglom in the depth of the unit
So it was set at 622 mm.

The largest component in the unit was the DW,efoee the design layout
was modified accordingly.. The DW also requiredaging and a motor, making it

larger than the diameter of the DW material.
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Figure 23: PTAC Layout Design in SolidWorks

Figure 23shows the initial layout of the PTAC unit. The délarrows shov
the air flow path througlevaporator and condenser sid&he indoor air side firs
flows through the evaporator, then is t between the DViand the damper in a rat
dependenbn the necessary dehumidificati andthen is drawn into the evapora

fan.

Figure 24: Evaporator Air Loop PTAC Front View
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Figure 24 shows the indoor air side loop from filoet view. As mentioned
previously, the centrifugal evaporator fan asdis¢ésair flow and reduces the pressure
drop associated with sharp right angle turns. &laporator is installed with an angle
in order to reduce the sharp turns as well. Theezlto parallel the evaporator is to
the DW and bypass opening, the less significant ghressure drop due to duct
geometry. The evaporator cannot sit exactly palratl them though due to space
constraints.

The outlet was designed to be consistent withotiteet of preexisting PTAC
units. The wider outlet allows for a better distion of air throughout the space.
Additional ducting needed to be added to the farriher to create the necessary
outlet.

The damper can be opened to certain percentagendieg on the required
dehumidification. In a case where no dehumidifarais necessary, the bypass can
be fully opened, reducing the power consumptiotheffan.

The desuperheat condenser was also angled toober ¢b parallel with the
DW as seen in Figure 23. The desuperheat loopvasodesigned with a bypass for
a no dehumidification or “dry cooling” case. Sinte fan is set after the DW and
draws the air through the loop, the bypass neenldx tducted directly back into the

same duct after the DW.

44



Exhatust Air outiet

Figure 25: Inlet/Outlet Diagram

The desuperheabndense and condenser Bhare a common outlet as shc
in Figure 25. At the diet, all of the air is exhaust air so the mixinged not matter
Both exhaust outlets also flow directly over thenpoessor. Cooling the compres:
increases the perfoance of the compressor. Tldesign strategy implemented
standard AC units.

The DW was also turned 90 degrees from its original pasiin the first
prototype. It was not practical to leave it theyvitaoriginally was due to the proce
and exhaust loops being separated down the middhleainit. The idea of splittin
the DW top and bottom was also considered, but due tosthe of the hec
exchangers, this was also impractic

This design layout was the most practical and reethiclose to the origin
PTAC unit design. It allowed for the mass transtguirements 1 be met (only

across the front and back faces) and fit all of ctbenponents in the most practi
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way. This design also allowed for bypasses whalictincrease the efficiency even

more in certain operating conditions.

3.4.2: Process Air Side Duct Design

The process air side duct needed to create adclose for the process air.
The entire apparatus was set up within an enviromahechamber which would
simulate the ambient conditions. The process igie $oop would simulate the
conditioned space. The process air side duct atsded to accommodate all
necessary instrumentation as well as an electat &ed humidifier. The heat and
humidifier would reheat and humidify the air backthe required inlet conditions

after the air was processed, cooled and dehunudifie

g

Figure 26: Process Air Side Duct Model: Angled Topiew
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Figure 27: Process Air Side Duct Model: Top Down \éw

Figure 26 and Figure 27 show the angled top apddmwn view of the
process air side duct, respectively. The processide duct attaches to the front of
the PTAC unit and lines up with the process sidiet iand outlet. The inlet of the air
duct (outlet of the PTAC unit) channels the aioiat square duct. The square duct
has sufficient room to mount the humidifier andtkeaas well as another fan. The
fan in the process duct is used to balance to tesspre drop across the duct. The
sharp turns are not as important in the duct becauan can be used to balance the
pressure, and the power consumption of the fan doeaffect the overall COP of the

system. This part of the design was for experiaigmnirposes only.
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Figure 28: Process Air Side Duct Model Back View

Figure 28 shows the back side of the processderdiict where it connects to
the PTAC unit. The long and thin inlet to the doah be seen being channeled into a
square shape duct to create a uniform shaped duakttb the outlet of the process air
side duct. Additionally, a partition with a squdrele was added in the design to
accommodate an air mixer. The mixer blends thaféar it is heated and humidified
to ensure there are no uneven high temperaturéspaithe flow. The mixers require
a specified upstream and downstream length to enstaper mixing which were

taken into account when designing the entire duct.

3.4: Process Diagram

The process diagram was created based on the Cédelmg done and was

adjusted during the construction of the experinmeett setup.
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Figure 29 SSLC PTAC Unit Process Diagram

Figure 29shows the complete process diagram of the SSLC POALC The
diagram consists of the two air loops as well &sr#frigeration loop. The diagra
also shows the placement of instrumenn within the system.

The first air side loop is the process air sidglo&tate point 1A is the spa
air inlet. The air passes through the evaporatostate point 2A, reducing tt
temperature of the air. Then, the cooled air flalwseugh theDW where the
moisture is removed, coming out at state point 8aland dry at the designat
temperature and humidity ratio. Finally, the airéheated anrehumidifiec back to
the inlet condition at state point ]

The next air side loop is the exhaairside loop. The air on this side con

in from the environment at state point 4A. The f#ows over thedesuperheat
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condenser and is heated to 50°C at state point N&xt, the air flows through the
DW, regenerating the desiccant material. Regeioeraf the material means that the
hot air removes the moisture from the desiccanenatso the wheel can spin and
dehumidify the process air again. After going tigio the wheel, the air drops a few
degrees below 50°C but has a higher humidity. Ikintghe hot and humid air is
exhausted through the centrifugal fan to the commdraust outlet at state point 7A.

In addition to the desuperheat half of the exhdusp, there is also the air
cooling the direct condenser. The air comes ianalbient temperature at state point
4A, flows over the condenser removing the heat ftbenrefrigerant and is exhausted
to state point 7A, the common exhaust outlet.

The final loop in the process diagram is the gefration loop. State point 1R
is the evaporator outlet and compressor suctionthi& point, the refrigerant should
be a low temperature, low pressure vapor. Statd @& is the compressor discharge
and desuperheat condenser inlet. After going tfinabhe compressor, the refrigerant
becomes a high temperature, high pressure vapiate oint 3R is the desuperheat
condenser outlet and condenser Il inlet. Thiheésgoint at which the refrigerant is
crossing from the superheat vapor region to the-phase region. In a standard
vapor compression system, this point takes platewa single condenser, but in the
case of the SSLC unit, the second condenser isss@gefor waste heat utilization.
State point 4R is the condenser outlet and expansdve inlet. After leaving the
condenser, the refrigerant should still be in the-phase region at a high
temperature, but a lower temperature. State dfthis the isenthalpic expansion

valve outlet and evaporator inlet. When the refragt passes through the expansion
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valve, the temperature and pressure drop significarrinally, the refrigerant flows
through the evaporator and comes out at a higmepdeature due to heat exchange

from the process air flow.

Figure 29 shows three different types of instrutagon used on the air flow side;
temperature grids, differential pressure transdu@erd relative humidity sensors.
The temperature grids were placed at all necegsaint where it was important to
know the temperature of the air. The entire pre@sside is important, in order to
determine the cooling capacity of the system. Ilchiately after the desuperheat
condenser is also important to ensure the airashiag the required regeneration
temperature. It is also important to know thetemperature after the condenser to
ensure enough heat is being expelled from the syst®lonitoring the temperature
can also make the system more efficient by makurg sot to run the exhaust fan
higher than it needs to be for the specified captiapacity.

The differential pressure transducers have twiewdint roles. The differential
pressure transducer over the DW can accuratelyrdete the pressure drop over the
DW for later optimization of the system. The setalifferential pressure transducer
is used to equalize the pressure through the psomeside duct. It can be used to
control the fan in the duct and make sure the presdgrop in the duct is not affecting
the performance of the system.

The relative humidity sensors are especially irtgorin this specific type of
air handling unit. The relative humidity can beedsto determine the moisture

removal rate of the DW. Also, because of the matifithe SSLC technology, relative
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humidity is extremely important. Multiple relativeumidity sensors were placec
important points such as the process air outldsoAa relative humidity sensor w
placed after the evaporator to ensure that onlsiskn cooling occurs over tt
evaporator and no moisture removal occt

The heater not only reconditions the but also serves the purpose
measuring the airflow rate. With all of the instrents in the air flow loops, all &

side properties can be determined and cooling dagxcan be calculate
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Figure 30 Refrigeration Loop Process Diagram

Figure 30 shows a more detailed refrigeration loop, includirige
instrumentation and additional necessary conents in the refrigeration lir
Figure 30also shows the refrigeration side instrumentatidkl state points hav
thermocouples and pressisensors. A mass flometer was installed to determi

the mass flow rate of the refrigerant. With thesmdlow rat, temperature an
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pressure at all state points, the remaining fluapprties can be determined as well as

the capacities of the heat exchangers.
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Chapter 4: Construction of Prototype and Test Fadity
4.1: Overview

The experimental setup is broken down into threpdo the process side air
loop, the exhaust side air loop and the refrigeratoop. Both air flow loops were
built around the DW. The DW apparatus was builptovide the best possible air
flow paths for both the process air and regenarnatio. Figure 29 shows all three
loops and the direction of flow. Within each loapstrumentation is installed in
order to best measure the required propertieslisemvation and calculations of the
performance of the system. The instruments areextird to a data acquisition
module that interfaces with a computer program usedhonitor and control the

system.

4.2: Desiccant Whed Construction

4.2.1: Desiccant Wheel Casing

Figure 31: DW Casing Side View
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Figure 31 shows a side view of the DW casing. DW& sits between two
aluminum plates held together by threaded rodse DW contacts the plates on two
rubber gaskets covered in a low friction matemabider to create the best seal, while
still allowing for the wheel to turn freely. Ther@e also three threaded rods
tightened equally to ensure an even distributiopresSsure on the wheel from both
plates. The design for the plates provides thetreak tight method for the DW,
while still allowing the wheel to turn unrestrictadled by a 12 W motor. In order to
allow for the plates to seal properly, the larggport plate is mounted to the system,

while the second smaller plate is free to movéhadhreads are tightened.
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Figure 32: DW Plates CAD Drawing (inches)

Figure 32 shows the dimensioned drawing of the tlominum plates
designed for the DW casing. Due to the height taimgs of the system, as well as
the restricted depth of the system, the plates wesigned at 356 mm by 483 mm,
the smallest they could be while still providingoagh space for the DW and motor

to be mounted. At 356 mm tall, the plate only pdeg an inch of clearance for the
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rubber gasket. Both plates were designed idehtjdalit the second plate was later
cut smaller to save space. Only the first platgires the full 483 mm width in order
to mount the motor. There is also a portion oflete that separates the process air
side and the regeneration air side. Once the Platere machined, any excess

material was cut off in order to save as much spageossible.

Figure 33: Final DW Plate

Figure 33 shows the final result after removingeadtess material from the
first DW plate. The top left corner of the plat@swremoved with the intention of
putting in a bypass for the regeneration air wherdehumidification was required.
The top right corner was removed to provide enosigaice for the evaporator fan
duct. The three slots on the left side providea $or the motor to be mounted to the
wheel. The second plate is identical to the falste, except that the left side where

the motor is mounted has been removed to provideesfor the compressor.

4 .2.2: Desiccant Wheel Air Flow Ducts

Only one air flow duct was required on the DW ngsi The reason the other
three openings remained fully open was to allowtf@ most unrestricted air flow

through the DW.
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Figure 35: DW Back View

Figure 34 shows the DW front view which is the @m®g air side inlet and
regeneration air side outlet.
Figure 35 shows the back side of the DW which & pinocess air side outlet and
regeneration air side inlet.

The process air side remains fully open to allowthe most unrestricted air
flow path possible. It is important to also keép inlet and outlet size similar to
reduce the pressure drop. No additional ducting mecessary because the air can

flow freely directly through the DW since therens other path for the air to take.
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Once the air exits the DW, it is immediately drawto the centrifugal fan with no
ducting required.

The regeneration side inlet is also completely nope allow the most
unrestricted air flow through the wheel after flogiover the desuperheat condenser.
No additional ducting was required, nor would aagigonal ducting help with the
airflow path.

The regeneration side outlet required ducting eensin Figure 34. It is
important to keep the inlet and outlet size simitaavoid unnecessary pressure drop
so the cross sectional area of the duct was sloydyced to the size of the inlet to the
desuperheat centrifugal fan. Because the air eagykdrawn through the DW, the
DW regeneration side air flow needed to be ducieectly into the fan. A 76 mm
section was constructed on the outlet of the reg¢ioa side to allow for even flow

before reducing the size of the duct.

4.2.3: Desiccant Wheel Motor

The DW motor is a 12 W manually controlled motbatt runs the wheel
anywhere between 1-10 RPM. The power consumptigdheomotor is negligible in
comparison to the fans and the compressor. Becaags@eration is done reutilizing
waste heat, and the motor is so small, the additibrkW of latent cooling done by

the DW only increases the capacity without increhsgpower consumption.
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Figure 36: DW Motor

The DW motor was mounted in a position where gated the smallest
footprint for the DW apparatus. By mounting thetardowards the inside of the two
plates, there was more room on the other sideherdesuperheat condenser. The
motor was mounted using threaded steel rods tocstiie weight of the motor ad
well as provide stability while the motor turns thweel. The motor can also be
manually controlled to change the speed of the WwHepending on the moisture

removal rate of the wheel.
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Figure 37: DW and Motor Connection

A belt was use to drive the DW with the motor. Tdide mounted motor
connected by the belt allowed for the motor to tilme DW without being in the way
of either air flow path. Strips of belt teeth watéached along the DW as seen in

Figure 37. The belts were aligned and then tens@s put on the belt. Once
tension was put on the belt, the motor was tigltenethe plate. The DW was then
tested to ensure the plates were not too tightlamdeeth on the belt would catch and

not skip.

4.3: Process (Space) Side Air Loop

The process air side loop was tight and complicat€here were four main
parts of the process air side loop; upstream ofx¥A¢ downstream of the DW, the

DW bypass and the process air side duct outsitleeahain unit.
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Figure 38: Process Air Side Loop Diagram
Figure 38shows the schematic for the process air side |Iddpe bold line represen
the PTAC unit and the thinner line below the badtangle represents the process

side duct.

4.3.1: Upstreanof Desiccant Whe

Upstream of théW is the evaporator. The evaporator is angled tatere

better flow path for the air between the evaporatat theDW.

¥ -~
Desiccant Whe

Figure 39: Process Air Side Loop Upstream of DW

Figure 39shows the chamber upstream of DW. Due to space constrain

the desuperhedan is partially n the process air side path, but does not caus:
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issues with air flow patterns. The damper alsonshim Figure 39 is partially in the
air flow path of the process air but also has gk effects on the air flow pattern.
The damper is angled due to the space constravhish does cause some pressure
drop as well. This pressure drop caused by thgghben into the damper in a bypass

case is negligible compared to the pressure dragsathe DW.

Figure 40: Process Air Side Inlet

Figure 40 shows the inlet to the process air sidand construction. The inlet
is the same size as the evaporator, allow for & possible air flow over the
evaporator.

The upstream chamber also contained the expansilwe.v An electronic

expansion valve was used in order to have betmralof the system.
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Figure 41: Electronic Expansion Valve

Figure 41 shows the electronic expansion valve (EXWhe EXV can be seen
in Figure 38 as well, immediately next to the evapar. It was also shown that a
wall separates the evaporator and the EXV, butHerpurpose of testing, the wall
was left out to allow access to the EXV. The addal wall in the upstream of the
process air side could have a positive effect @ndin flow, reducing the pressure
drop and power consumption.

The upstream chamber also contains a relative diymsensor and a

thermocouple grid immediately after the evaporator.
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Figure 42: Thermocouple Grid and RH Sensor

As shown in Figure 42, the thermocouple grid s $me size as the face of
the evaporator, and the relative humidity sensts isi the center of the air flow.
These two instruments are important for multiplaseas. By measuring the
temperature after the evaporator, the heat trah&fsveen the air and the evaporator
can be determined. If the temperature is too loigtoo low the expansion valve or
air flow rate can be adjusted depending on theeissu

The RH sensor is also important in order to deteemwvhether or not any
latent cooling occurs over the evaporator. Onlysg®#e cooling should occur over
the evaporator, so the air flow rate or the exgansalve can again be adjusted. The
RH sensor is also used to determine the moistumeval rate of the DW along with

the RH sensor after the DW.
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4.3.2: Downstream of Desiccant Wheel

The chamber immediately downstream of the DW iptgnand free of any

unnecessary obstructions.
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Figure 43: Chamber Downstream of Desiccant Wheel

The air flows out of the DW and is drawn into tlengifugal fan through the
nozzle seen in Figure 43. On the right side offthere the narrow bypass can be
seen alongside of the DW casing. In the same matime air flows through the
bypass into the chamber and is drawn into the ifegél fan through the inlet nozzle
in the top of the chamber. The chamber is lefihapstead of the DW being directly

ducted into the fan due to the necessity of theabgp
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Figure 44: Centrifugal Evaporator Fan Duct

Figure 44 shows the centrifugal fan duct complet@the duct needed to be
specially made due to custom sized casing requaredind the fan. The duct
channels the air flow only out of the front halftbk fan and restricts the flow of air
in any other direction. The duct also opens up anwider outlet to match the size of
the preexisting PTAC unit outlet. The duct wasstarcted using aluminum sheets.
But the fan is mounted to a 7 mm thick aluminumela stabilize the fan due to its
high rotational speeds. The hole in the bottorthefduct (on top in Figure 44) is the
fan inlet. It was important that the inlet to tthect be as close as possible to the inlet
of the fan without the parts rubbing to ensure igingat system. With too large of a
gap, the air will just recirculate and the perfonoa of the fan will diminish.
Additionally, an inlet nozzle ring was used to mase the performance of the fan as

well.
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Figure 45: Process Air Side Outlet

Figure 45 shows the process air outlet. The ewporfan and duct are
mounted to frame of the system to ensure no vimator additional noise from the
fan. The outlet dimensions are 102 mm in heigh68y mm in length, equal to the
outlet of the standard PTAC unit. The centrifufml has the additional bonus of
reducing the pressure drop. The tight 180 degneesthave high pressure drops
associated with them. Because the inlet of th@@edor fan is not in the same plane
as the outlet, the fan can turn the air 90 degugeand 90 degrees out without the
higher pressure drop. The centrifugal fan was aksa because of its high pressure
lift as well as high air flow rate capabilities. oNnstrumentation was implemented
immediately downstream of the desiccant. All iastents measuring air properties
after the DW were in the process air side duct ichately after the process air side

outlet.
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4.3.3: Air Flow Damper for DW Bypass

The DW bypass damper is manually controlled amdbzaopened, closed and
partially opened. The damper sits next to the D3\&a alternative air flow path to

the DW.

Figure 46: Air Flow Damper for DW Bypass

Figure 46 shows the placement of the DW in the ggsa@ir side path. The damper
separates the upstream and downstream chamberdetelypsolating them from
each other. When the damper is closed the entiftow is through the DW. The
DW is sufficiently leak tight to prevent air takirthe path of least resistance and

bypassing the DW.
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Figure 47: Damper Closed Position

Figure 47 shows the damper in the closed positibhe damper is sealed by foam,
creating a sufficiently leak tight seal. The motsed to run the damper is on the

magnitude of 4 W and is not constantly runningtsogower input is negligible.

Figure 48: Damper Fully Open Position
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Figure 48 shows the damper is the fully open pmsitin this case most if not
all of the air flow goes through the damper anddsges the DW. The purpose of this
operating condition is when air needs to be coolad, not dehumidified. By
bypassing the DW when no dehumidification occuns, pressure drop through the
DW is also bypassed, decreasing the power consammti the evaporator fan.
When no additional humidity load is introduced e tspace, the SSLC unit can
operate for long periods of time in the “dry coglinase” bypassing the DW and

increasing the COP even higher during these hduspearation.

Figure 49: Damper Partially Open Position
Figure 49 shows the damper in a partially opentipos The damper can be
manually opened to any point, not just opened osed. The purpose of partially
opening the damper is to adjust the amount of m@stemoved through the DW.
Using the RH sensors, thermocouple grids and aw flate, the moisture removal
rate can be calculated. In order to meet the ogatapacity of the evaporator, there

is a high rate of air flow. Too high of an airdlaate through the DW could remove
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too much moisture, making the air too dry and tllynuncomfortable. By

adjusting the damper and allowing some of the @ibypass the DW, the required
moisture removal rate and latent load can be refring testing, the required latent
load would be determined by adjusting the damperually until the design point is

met.

4.3.4: Process Air Side Duct

The process air side duct is not part of the PTi@. The duct’s purpose is
to represent the space being cooled. The prodessda duct must also be large

enough to reheat and rehumidify the air to the iregunlet condition.

Figure 50: Process Air Side Duct

Figure 50 shows the completed process air side dite¢ air first flows out of
the PTAC unit over the RH sensors and through artbeouple grid. Next, the air is
rehumidified and then drawn through the fan. Thetemperature is measured in
another thermocouple grid and then reheated ovetemtric heater. Finally, the air
flows through an air mixer, over another thermodewgrid and back into the PTAC

inlet.
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Figure 51: Process Air Duct with RH Sensors
Figure 51 shows the point where the air immedyatits the PTAC unit and
flows over the two RH sensors. Two RH sensorsuaegl to increase the accuracy of
the humidity related calculations at this pointceirdehumidification is significantly
important in this technology. This is the pointesd the humidity after the DW is
measured so it is used to calculate the moistumeoval rate and latent cooling
capacity. At this point in the duct, the air isaoheled from a wide and short inlet to

a smaller square outlet for the air to be processed
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Figure 52: Process Air Duct with Rehumidifcation am Pressure Balancing Fan
Figure 52 shows the next portion of the processide duct. The copper tube

at the bottom of the figure is connected to the idifrar of the environmental
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chamber. The temperature is measured over thentivewple grid before the
humidity is added. The cool humid air is then dngtwough the fan. The fan is used
to balance the pressure over the duct. The dues doother 180 degree turn so there
will be a significant pressure drop over the dui¥hen the differential pressure is
zero over the duct, then the duct will not haveadwverse effect on the performance of
the PTAC unit. As shown at the top of the figufres inlet of this section is square

after it has been ducted down from the wide andt$hBAC unit outlet.

Figure 53: Process Air Duct with Electric Heater

Figure 53 shows the third portion of the process sale duct. The
temperature of the air is measured again after ¢ification which should add some
heat before adding heat from the electric heaiére air is mixed in the fan so an air
blender or mixer is not necessary for accurate eaipre readings. The electric
heater will reheat the air to the space inlet coowis.

The heater can also be used as an air measurei@@ne. The amount of
heat being added to the system is known based emdiver consumption of the
heater. By knowing the properties of the air befand after the heater and the heat

input by the heater, the mass flow rate of the cain be calculated. Without
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additional components in the system, this is thatnagcurate method of measuring

the air flow rate.

Figure 54: Process Air Duct with Mixer and PTAC Inlet

Figure 54 shows the final section of the processide duct. After reheating the air,
the air flows through a mixer to evenly distribtite temperature of the air. Without
the mixer, the air would have an uneven temperaligteibution and a less accurate
temperature reading would be taken. Using the minareases the accuracy of the
readings over the thermocouple grid and removegagssary uncertainty. The duct
was constructed to allow for 204 mm of duct upstred the mixer and 102 mm of
duct downstream of the mixer. These upstream angnstream distances are
necessary based on the air flow rate in order sumenproper mixing based on

manufacturer’'s data.
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4.4: Exhaust Air Side Loop

The exhaust air side loop consists of two separdétsi combining into on
common outlet. The first half of the loop is tdesuperheatondenser loop. Tt
second half of the loop is tlcondensetl loop. The exhaust loop is similar in desi
to the sandard PTAC unit exhaust loop. The air only cessthe boundary of tf
back of the PTAC unit. The air comes in througb #iides of the back and ex
through the middle of the back of the unit. Simila the evaporator loop, the 1
degree turn createspmor air flow pattern but it is necessary for tHEAE design.

Figure 5shows the standard PTAC unit exhaust air f
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Figure 55: Exhaust Air Side Loop Diagram
Figure 55shows the process schematic of the exhaust air. lobp the
diagram, the boldine represents the PTAC unit and the lighter liapresents th

environment at ambient conditior

4.4.1: Desuperheat Condenser L

The desuperheabndenser loop has an upstream and downstreane DW
side, but is simpler than the evaporator pss air side. Originally, a bypass w

planned for thedesuperhe condenser loop, but the complexity of the ductires



disproportional to the energy savings. Becauseléiseiperheat fan does not consume
as much energy as the other fans, there was agiidglibenefit to incorporating a

bypass.

Figure 57: Desuperheat Condenser Loop Inlet
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Figure 56 shows the upstream section of the delsepecondenser loop. Air
enters through the inlet seen in Figure 57 throaghermocouple grid and over an
RH sensor. These sensors are in the flow pathispbint to validate the chamber’s
set ambient conditions.

The air flows over the desuperheat condenser artkated to the required
regeneration temperature. The temperature is mehait the next thermocouple grid
immediately after the condenser. The DW is lefinptetely open to allow for the
maximum airflow through the wheel after the con@ensThe condenser is angled in
order to create the best air flow pattern possibBleectional fins can be placed on the
inlet to channel the air at the angle of the cosdeto maximize air flow. These fins
would also help separate the inlet air from theagsbed air in the middle of the back

of the unit.

B Desuperheat |
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Figure 58: Desuperheat Condenser Loop Downstream tiie DW

Figure 58 shows the airflow path of the desuperheatdenser loop

downstream of the DW. The air is ducted directly of the DW and channeled into
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the centrifugal fan. The centrifugal fan blows tw air to the environment through

the common outlet in the center of the unit.

4.4.2: Condenser Il Loop

The condenser Il loop is the most similar to thginal PTAC unit.

Figure 59: Condenser Il Loop Inlet
Figure 59 shows the inlet to the condenser Il loophe condenser Il fan
draws air in directly from the environment and sothle condenser II. Similar to the
desuperheat inlet, the condenser Il inlet is onsile of the back of the unit. The air
could be channeled using fins to better separa&t@nhbient air and the exhausted air
out of the middle of the back of the unit. Unlitee other two air flow paths, the
condenser Il does not draw the air over the heatangers. Instead it draws air from

the environment and blows the air over the conddhse
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Figure 60: Condenser Il Air Flow Path

Figure 60 shows the air flow path through the .utiitis obviously very tight
which creates a larger pressure drop. Also, imatelli in front of the condenser is
the desuperheat fan with could cause an uneverflaair distribution over the
condenser Il. In this case, the condenser Il viagbed due to space constraints. The
condenser Il is larger than the other two heat anghrs creating a more difficult air
flow pattern. A thermocouple grid is placed imnadiy after the condenser Il to

ensure cooling is being done as well as to valittege/apCyc model.

Figure 61: Inlets and Outlets of Condenser Side AiGtreams
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Figure 61 shows the back side of the PTAC unithe backside is open
directly to the environmental chamber which is &@t the required ambient test
conditions. The two inlets are on either sidehef tommon outlet. Another important
design choice is the placement of the compressbe compressor sits in the exhaust
air flow path. The exhaust air cools the compressareasing the efficiency of the

compressor.

4.5: Refrigeration Loop

Figure 30 shows the refrigeration process diagrdime main components of
the refrigeration loop were constrained to thedasif the PTAC unit to validate the
space requirements. Larger components that watlBeanin the final product such as
the mass flow meter were connected on the outditteeainit. A liquid line drier and
a sight glass were connected in the refrigeratimntb remove liquid from the system
at points were vapor only was necessary and torertbere was no water in the

system.
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Figure 62: Refrigeration Line Connections
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Figure 62 shows some of the refrigeration line ewmtions between the
expansion valve, evaporator, compressor and thectwalensers. All tubing was
constructed outside of the system so only finatésao the large components needed
to be done within the system due to the spaceictstis. Differently sized
connections were made depending on the componksts iand outlets. Figure 30

shows the connection sizes of the large components.

T

Figure 63: Refrigeration Line Instrumentation Points
Figure 63 shows an example of an instrumentati@mtpwithin the
refrigeration loop. Each state point in the VCSs ka instrumentation point to
measure the temperature and the pressure. A tbeuple is inserted all the way
down the tube into the refrigeration flow streaf&kiso on the instrumentation point is
a connection to a capillary tube that is connedted pressure transducer. The
capillary tubes allow for the transducers to sitttfar away from the point being

measured, reducing the clutter within the system.
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Figure 64: Overview of Refrigeration Line
Figure 64 shows a top down view of the entire PTAQt where the
refrigeration line in the system can clearly bense&here are more lines running
through the system than a standard PTAC unit duthgoadditional condenser, as
well as the placement of the evaporator and theaprkeat condenser. Because the
two flow paths through the DW must flow oppositeleather, the process air heat
exchanger (evaporator) and the regeneration airéxehanger (condenser) must sit
at opposite corners of the unit. This creates amarger distance the refrigeration

loop must cover.

4.6: | nstrumentation

The instrumentation used in the setup can be brodtewn into three
categories: air side instruments, refrigerant sidstruments, electrical device
measuring instruments. All instrumentation wasbeated using a spread of known

values and comparing them to the signal outpubefinstrument. Then, an equation
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was set for each individual instrument based ondkalts of the calibration to reduce
the error in the instruments. The instruments welérated within the system to
further reduce any error in signal or the data ettion (DAQ) module. Because the
instruments were calibrated, the accuracy was takeéhe manufacturer’s rating.

Table 8: Specification of Instruments

Instrument Type Manufacturer Model # Range Accuracy
Pressure Strain Setra 280E/280E 0-34.47/ 0.11%
68.95 bar f.s.
Differential Strain Setra 2641001WD11T1Q0 - 1" W.C. +1.0%
Pressure f.s.
Thermocouplg  T-type Omega N/A -250to | 0.5°C
350°C
Mass Flow Coriolis Micro Motion R025 0-100 g/s +0.25%
Meter f.s.
Relative Capacitance Vaisala HM310 0-100 #1.0%
Humidity %RH RH
Watt Meter Watt Ohio GH-0200 0—-4kwW +0.2%
(Compressor)| Transducer| Semitronics f.s.
Voltage Meter| DC Voltage| CR Magnetics CR5310-50 0-50 VDC +0.5%
Transducer f.s.
Current Meter| DC Current CR Magnetics CR5211-10 0-10 ADC +1.0%
Transducer f.s.

Table 8 summarizes all instrumentation used in thst facility. All
instruments were chosen to provide accuracy inimgadas well as further

calculations.

4.6.1: Pressure Measurement

Three models of pressure transducers were indtadl¢ghe system. The first
two models were strain type pressure transducstalied in the refrigeration line at
all state points. Capillary tubes were installetha points being measured so that the

pressure transducers could be installed outsidbeoalready confined spaces. Two
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models with different ranges were chosen for tlgh land low side pressures for the
best accuracy. Three 0-34.47 bar pressure traaszlu@re installed on the low side
and two 0-68.95 bar pressure transducers werdletstan the high side.

The third model was a strain type differentialgs@e transducer on the air
side. The differential pressure transducer wad tsenonitor the system and was not
used in data analysis. The differential pressuss maintained at zero through the
process side air duct to avoid unnecessary presto@ that would need to be
overcome by the evaporator fan. Another fan wasd us conjunction with the

differential pressure transducer to reduce thespiresdrop of the duct to zero.

4.6.2: Temperature Measurement

All thermocouples used were T-type thermocoupledibated in a
temperature bath. Thermocouples were used inthethefrigeration side and air side
loops. Thermocouple probes were inserted intarefrégeration flow at each of the

five state points.
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Figure 65 shows the layout of the thermocouplesgtided for air side temperature
readings. Nine thermocouples were evenly distetdver the face of the grids and
all grids were sized based on the cross flow afgheoduct where they were being
installed. At most points, all nine thermocouplesre combined and averaged for a
single data point. At the system outlet and thsuderheat condenser outlet, more
accurate temperature profiles were necessary, sazontal rows of three

thermocouples were averaged instead.

4.6.3: Mass Flow Measurement

The mass flow meter installed in the test loop Micro-Motion R025 with a
rated accuracy of 0.25 g/s. After calibration of ttevice, the accuracy was taken as

the manufacturers rating.

Figure 66: Mass Flow Meter

Figure 66 shows the external installation of thassnflow meter. The mass flow
meter was installed outside of the system duesteizte and the fact that it's a part of

the test facility, but not the manufacturable enablpct.
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4.6.4: Relative Humidity Measurement

Due to the nature of the system, relative humiddta analysis was extremely
important. Six relative humidity sensors were afistl in the system at different air
side state points. They were installed directlyhi@ center of the air flow in order to
ensure accuracy. Also, at the process air outlet,humidity sensors were used to

increase the accuracy of the entire flow.

4.6.5: Power Measurement

Two separate methods of power measurement werkfas¢he compressor
and the fans. The compressor was connected tdteetar in order to measure the
power consumption of the compressor.

Each of the fans was individually connected too#tage transducer and a
current transducer. The use of both of theseunmstnts could then be used to solve
for the power consumption of each of the fans.

It was important to monitor the power consumptimineach components
individually instead of the power consumption ot tentire system as a whole.
Because the fans are variable speed and stilleng Isized, it is important to know
the individual power consumption of each fan inesrtb reduce power consumption

as a whole and increase the COP.

4.6.6: Air Flow Measurement

Air flow measurements were taken using multiplethods, and then
compared to validate each separate method. Tihs firethod of air flow
measurement was done early in testing to get ahresgmate of the air flow rate of

each fan. An air flow anemometer was used to taleuhe velocity which was then
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used to calculate the air flow rate through thessrsectional area of the flow path.
This was not the most accurate method of air fl@estihg but was used as a
checkpoint to ensure the fans were sized propedythere was an even distribution
of air over the heat exchangers.

The second method of calculating the air flow nages through the use of the
heater in the system. Because of the size of¢hé&eh the heat input into the air flow
was known and the temperature could be measurenebahd after the heater. An
energy balance was used to determine the air & rSimilarly for comparison, the
same method was used with the refrigerant sideulesion of the evaporator

capacity. Both of these values could then be coetpfor accuracy.

4.7: Data Acquisition System

All sensors and controlled devices were connetded bank of Field Point
modules manufactured by National Instruments amsthiled near the test system.
These modules allow for remote collection of datd eemove the necessity to run a
large number of connections directly to the datguasition computer, reducing error
in the measurement from voltage drop through loggad wires.

Data collection, analysis, and system control waceomplished with a Virtual
Interface (VI) programmed using the commerciallyaitable LabView software

integrated with a refrigerant properties routineffRops.
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4.8: Uncertainty Analysis

The uncertainty was calculated for all measuraticaiculated variables. The
total uncertainty for measured values is the sunthef systematic error and the
random error shown in the following equation.

Utot = Usys + UsTp (24)
Where:

Uso; = total uncertainty of a measured value

Usys = Systematic uncertainty of a measured value

ugrp = random uncertainty of a measured value (one stdraiaration)

The random uncertainty can be calculated as ca@datd deviation of the
measured variable away from the collected dataaseshown in the following

equation.

1 N2
Ustp = \[y1 9’:1(9‘1' - x) (25)

Where:
N = number of data points in the collected data set
j = data point index
x; = measured variable data point at inglex

X = average of the measured variable over the entteesdd

The systematic uncertainty of a calculated vaeabl calculated using the

systematic uncertainty of each of the measuremewntdved in the calculation. The
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Pythagorean summation of uncertainties method el wshown in the following

equation.

"y = J(;_Z*ul)z (L) +(Lwn) (26)

Where:
F = calculated variable
up = uncertainty in the calculated variable “F”
u; =uncertainty of the measured variable
v; = measured variable

i = number of variables used to calculate “F”

Similar to the total measured uncertainty, thaltoalculated uncertainty is the
sum of the calculated systematic and random unoges. Table 9 summarizes the
typical values for the measured and calculatedesyatic, random and total
uncertainties. The systematic uncertainties withain constant throughout all data
analysis, but the random uncertainty is subjectchange based on data points
collected and each test run.

Table 9: Typical Variable Uncertainties

Variable \ Units | Systematic| Random | Total
Measured

Refrigerant Temperature °C 0.500 0.409 0.909
Refrigerant Pressure (high kPa 7.585 18.533 26117
Refrigerant Pressure (low) kPa 3.792 5.404 9.195
Mass Flow Rate gls 0.250 0.046 0.296
Air Temperature °C 0.500 0.091 0.591
Relative Humidity % 1.000 0.780 1.780
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Voltage V 0.250 0.005 0.255
Current A 0.100 0.006 0.106
Compressor Power U 8.000 9.828 17.828
Calculated

Fan Power W 2.560 0.308 2.868
Cooling Capacity (Air) kW 0.405 0.033 0.438
Cooling Capacity (Ref) kwW 0.045 0.022 0.067
Air Flow Rate m/h 94.960 29.899| 124.859
Pressure drop kPa 10.730 1.870 12.60(

4.9: Shakedown Testing

Shakedown testing was done in two parts. Firs, dir side needed to be
tested to ensure all fans were operational andaitattle. The air side needed to be
completed before the refrigeration line could ruim addition to testing all of the
fans, the DW and the damper, it was important thatunit be leak tight. All fans
were run at full capacity and the system was chiédke air leaks. Any points
leaking air would throw off the energy balance lo¢ system. At full capacity, all
leaks were very apparent.

After the air side was operational and leak testeel refrigeration side needed
to have shakedown testing performed. The firg stehe shakedown testing was to
charge the system with 200 grams of refrigerartie Gompressor was turned on and
the pressures were observed to see a differenb@lnside and low side pressure.
Next, the expansion valve was tested to ensurerlse@iéng and subcooling could be
achieved. Then, the system was charge with mdngeeant until the superheating
and subcooling reached the ideal point and remasteddy. The results of the

shakedown testing were then used to calculateapaaity of the VCS alone.
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Chapter 5: Results and Discussion

5.1: Air Flow Patterns Across the Heat Exchangers

Before construction of the refrigeration cycle @&egtesting was done on the
air flow paths of the system. Due to the restdaée flow paths, obstructions within
the air flow paths and significantly large pressdreps due to paths and the DW, it
was important to study the air flow paths and madistments to the unit. Air flow
testing was done using an air flow anemometer. vihecity was taken at different
points at different heights over the three heahargers to observe the distribution of

air flow. Also, the average velocity was taken arsgd with the surface area to

determine the volumetric flow rate of each loop.

5.1.1: Evaporator

Air flow testing of the evaporator was done witie tdamper both closed and

opened. When the damper was closed, the air flawexligh the DW. When the

damper was opened, the air bypassed the DW, dewgdhs pressure drop.

Table 10: Evaporator Air Flow Profile: Damper Fully Closed

Air Velocities [m/s]

Height [mm] "yt 1 [ Width 2 | Width 3 | Width4 | Width5 | Average
127.0 1.85 17 1.68 1.48 1.76 1.69
193.7 1.85 16 1.84 1.75 1.65 1.74
260.4 181 | 169 1.73 1.64 2.03 1.78
327.0 1.85 18 17 1.81 17 177
393.7 198 | 196 1.95 1.89 2.01 1.96

Average | 1.87 1.75 1.78 1.71 1.83] 1.79
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Table 11: Evaporator Air Velocity Profile: Damper Fully Opened

Height [mm] ks _ Air Velocitie_s [m/s] _
Width 1 | Width 2 | Width3 | Width4 | Width5 | Average
127.0 2.50 2.61 2.79 2.7 2.55 2.63
193.7 2.53 2.41 3.02 3.3 2.86 2.82
260.4 2.58 2.71 3.11 3.37 3.6 3.07
327.0 2.77 2.81 3.09 3.15 3.5 3.06
393.7 2.66 2.65 2.92 3.08 3.31 2.92
Average 2.61 2.64 2.99 3.12 3.16 2.90

Table 10 and Table 11 show the results of the laiwwv ftesting over the
evaporator for both cases of damper opened and efachpsed. Immediately, the
difference in average air velocity proves the dédfece in pressure drop due to the
DW. From the velocity, the volumetric flow ratenche determined by multiplying
the velocity by the surface area of the evaporaBased on Figure 18, the
performance curve of the evaporator fan, the diffee in pressure drop between the
two cases was 170 Pa, confirming the estimatedpresirop across the DW.

Even though there were obstructions within thehpait air flow after the
evaporator, the distribution of the velocity oviee evaporator is relatively uniform in
both cases. Due to the relatively even distributod the evaporator, there was no
need to model the distribution of the air flow.

The issue that arose when testing the air floe oaer the evaporator was the

low volumetric flow rate being measured. One lEgue was the alignment of the

evaporator fan and the inlet nozzle ring.
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Figure 67: Evaporator Fan Gap Before Adjustment
Figure 67 shows a significant gap between theafahthe inlet. What ends up
happening because of the gap is the air is blowutghe fan outlet and being sucked
back into the fan inlet, significantly reducing tperformance of the fan. The fan

duct required more precise construction that wgimaily intended.

Figure 68: Evaporator Fan Gap After Adjustment
Figure 68 shows the evaporator fan after adjustsn@are made to reduce the
gap as much as possible. The duct was raisecktpdimt just before the fan and the
inlet nozzle were scrapping. The gap would sfilé@ the performance, but now

significantly less than it originally did.
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Table 12 reports the results of the evaporatorflaiv testing before and after
adjustments were made.

Table 12: Evaporator Air Flow Results

Description Average Velocity [m/s]| Air Flow Rate [m?h]
Damper Closed 1.8 547
Damper Opened 2.9 889
Damper Closed (adjusted) 2.6 797

The adjustments made to the evaporator fan ineeased the volumetric flow rate
from 547 to 797 rilh. 797 ni/h was below the original design point of 93%/mfor
the air flow rate over the evaporator. Simulatiarese run using 797 th and the
required cooling capacity was still met. The evapar was oversized originally,

allowing for the reduced air flow rate to not atféwe performance of the system.

5.1.2: Desuperheat Condenser

Air Flow Testing of the desuperheat condenser deae in the same manner
as the evaporator. The fan was run at full capaaitd readings were taken at
different points and depths immediately after tbatlexchanger.

Table 13 shows the profile of the desuperheat eoser.

Table 13: Desuperheat Condenser Air Velocity Profé

Height _ _ Air Velocitie_s [m/s] _
Width 1 | Width 2 | Width3 | Width4 | Width5 | Average
Top 1.25 1.03 1.18 1.04 0.87 1.07
Middle 1.06 1.14 1.25 1.2 1.03 1.14
Bottom 1.12 1.38 1.06 1.05 0.93 1.11
Average 1.14 1.18 1.16 1.10 0.94] 1.11

96



Similarly to the evaporator fan, the distributiorasvrelatively even and did not
require further simulation testing to study theset§ of an uneven distribution. Based
on the restricted air flow path of the condenser ttuthe close proximity of the DW
at an angle to the condenser, the relatively ev&nlzltion was extremely good.

Using the surface area and the velocity, the velnimair flow rate across the
condenser was calculated to be 32%hm Based on modeling and simulation, in
order to reach the required 50°C regeneration tesmtype and provide enough
cooling to reach the two phase region, the air ftate needed to be between 125-170
m’h. The fan could be operated close to 50% of dapacity in order to meet the
design point of the desuperheat condenser. Rurthingan at 50% of full capacity
would be a significant decrease in power consumpiicthe desuperheat condenser’s

centrifugal fan of between 20-30 W.

5.1.3: Condenser Il

Air flow testing of the condenser Il was also dammilarly to the first two
heat exchangers. In this case though, the air fésting was done at 100% capacity
as well as 75% capacity to determine if there wakiffarence in the distribution at
different air flow rates.

Table 14 and

Table 15 show the air velocity profiles over thex@enser at 100% and 75%
fan capacity, respectively. There is an obviousven distribution of air flow in both

cases, both centering on a lower flow rate at #haer of the profile. This can be
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attributed to the desuperheat centrifugal fan diyem the air flow path of the

condenser which can be seen in Figure 60.

Table 14: Condenser Il Air Velocity Profile at 100% Fan Capacity

Height _ _ Air Velocitie_s [m/s] _
Width 1 | Width 2 | Width3 | Width4 | Width5 | Average
Top 6.1 4.2 2.8 2.9 5.5 4.3
Middle 4.5 2.5 2.4 2.5 3.9 3.2
Bottom 5.2 4.7 4.9 3.9 4.3 4.6
Average 5.3 3.8 3.4 3.1 4.6 4.0

Table 15: Condenser Il Air Velocity Profile at 75% Fan Capacity

Height _ _ Air Velocitie_s [m/s] _
Width 1 | Width 2 | Width3 | Width4 | Width5 | Average
Top 5.2 3.6 2.4 2.6 4.5 3.7
Middle 3.6 2.3 1.9 2.3 2.8 2.6
Bottom 4.4 3.6 4.1 2.9 3.5 3.7
Average 4.4 3.2 2.8 2.6 3.6 3.3

Table 16 shows the results using the average iaeloger the entire heat
exchanger. Even with the significant mal-distribaf the design point flow rate is
surpassed at 75% fan capacity. This means thaitlioperation, the condenser fan
can run closer to 65-70% of full capacity, decnegshe power consumption of this

fan as well.

Table 16: Condenser Il Air Flow Results

Average Velocity| Air Flow Rate
Exhaust Condenser Il Fan Capacity [m/s] [m>3/h]
100% 4.0 1,640
75% 3.3 1,350
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Even though the average velocity met the requirgsndor meeting the
condenser capacity, the uneven distribution couddehadverse effects on the
capacity. The uneven distribution was modeledan@esigner to see what the effect

on the condenser capacity would be.

Figure 69: Outlet Air Temperature Profile of Condenser with Evenly
Distributed Inlet Conditions as Modeled In CoilDesgner

Figure 70: Outlet Air Temperature Profile of Condenser with Non-Evenly
Distributed Inlet Conditions Based on ExperimentalResults as Modeled In
CoilDesigner
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Figure 69 shows the condenser modeled in coigdesiwith a standard even
distribution of air over the heat exchanger. FegufO shows the condenser
experimental results modeled in CoilDesigner ineorttd determine the effects of the
uneven distribution of airflow on the capacity bétcondenser.

The capacity of the evenly distributed model wa®@ W of heat removal.
The capacity of the experimental results modeledCailDesigner as an uneven
distribution was 2,688 W of heat removal. Theres\@anegligible difference in the
capacity due to the uneven distribution of air flowherefore, no changes needed to
be made to the system to fix the uneven distriloutid?oints along the condenser
where air flow was too low were made up for at poivhere the velocity was much
higher. Even though certain parts of the condens#e not receiving the cooling
other parts were, or even the average coolingiditndt affect the capacity of the

condenser.

5.2: Vapor Compression Cycle Testing

Shakedown testing was done on the refrigeraticgteay in order to get
baseline results and study the effects of the compts changes made to the system,
specifically the MCHX and the high evaporator intemperature. It was also
important to test the capabilities of the fans aedermine the required operation

point of each of the three fans for optimum efinag of the VCS separately.
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5.2.1: System Performance
The system was run according to AHRI standard [8L.0 Adjustments were
made to the system during shakedown testing inrdodeptimize the system. Figure

71 shows the P-h diagram of the VCC during testing.
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Figure 71: VCC in P-h Diagram
Table 17: VCC State Point Results
. Comp. Comp. Cond. sat.v- Cond. Evap.
State Points Suction | Discharge| Cond. sat.l Outlet Inlet
Temperature [°C] 15.7 84.0 47.3 44.4 13.9
Pressure [kPa] 965.0 3,087.9 2,839.7 2,807.9 1,2182

Table 17 shows the state points of the VCC. Ruresting, the high
evaporation inlet temperature was lower than the peint temperature, causing a
latent load through the evaporator. The compreskscharge temperature was

similar to the simulated value, allowing for thesdperheat air temperature to reach

the required minimum regeneration temperature.
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Table 18: VCC Summary of Results

Variable Unit | Value Variable Unit | Value
Superheat °C 9.6 | Refrigerant Mass Flow Rate j/s 8 18.
Subcooling °C 1.4 | Evaporator Capacity (Ref.) kw  72.9
Air Flow Rate ni/h 816 | Evaporator Capacity (Air) KW 3.27
Compressor Power W 935 Energy Balance Yo 8.5

Table 18 summarizes the results from the VCC rigsti The evaporator
capacity on the refrigeration side was measurethgtesting using the temperatures,
pressures and mass flow rate of the system andletasmined to be 2.97 kW. The
air side evaporator capacity was calculated highed.27 kW based on the air flow
rate calculated using the heater and pre and pEmehtemperatures. The energy
balance between the capacities was 8.5%. The &msqr power input was higher
than the VCC simulation. The increase in compregsover was due to the
significantly large pressure drops through the MC3Mhich will be discussed
further in the next section. The refrigerant mélesv rate was similar to the
simulated value, allowing for the capacity to reachigher value, but with greater
compressor power consumption. The actual capafityhe system is most likely
closer to the refrigerant side capacity rather tin@nair side capacity due to the lower
uncertainty associated with the refrigeration instentation.

Table 19: Heat Exchanger Pressure Drop

Heat Exchanger Pressure Drop [kPa]
Evaporator 253.2
Desuperheat Condenser 248.2
Condenser |l 31.9

The pressure drop over each MCHX was calculatedsammarized in Table

19. The pressure drops through the evaporatord@sdperheat condenser were
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higher than expected, causing an increase in ca@s@repower consumption.

Originally, the evaporator pressure drop was douhke reported value, but an
additional evaporator was connected in parallefrgduce the pressure drop and
increase the capacity of the system. Althoughatidition of the second parallel

evaporator decreased the pressure drop, 253 kPatWas unreasonable high value
for the low side pressure drop.

The desuperheat condenser is identical in designhé evaporator, but
matches the pressure drop due to the refrigerang) lne the vapor phase through the
condenser. The condenser Il pressure drop is mach reasonable at 31 kPa due to
the larger design as well as the refrigerant mamihe two-phase region throughout
most of the heat exchanger. A more reasonableevalpressure drop would be 50
kPa for the evaporator and 100 kPa for both coretsreombined, allowing for closer
to 70 kPa pressure drop through the desuperheaiensar. By reducing the total
pressure drop by 60% the compressor power willisogmtly decrease and increase
the overall COP of the system. The MCHS’s woulech¢o be redesigned to

optimize the pressure drop through them.

5.3: Regeneration Air Loop

Table 20: Desuperheat Condenser Air Temperature Digbution

Thermocouple Position | Temperature [°C]
Top 63.8
Middle 50.4
Bottom 46.2
Average 53.5
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Table 20 shows the distribution of the air flonmfmerature across the
desuperheat condenser. Because the refrigeranpesheated in the vapor region in
this condenser, there is a significant temperatiuop, creating the distribution seen
in the table. The average air temperature meets réigeneration temperature
requirement of 50°C, but due to a lack of mixingeathe condenser, there could still
be an issue with regeneration on the lower portibthe DW. Also, the extremely
high top temperature could add to the heat loatherprocess air side, reducing the
cooling capacity of the system. The air flow rdteough the DW is still too high,
causing the lower bottom temperature value. Th#aw rate needs to be reduced by
half, which could pull the bottom temperature abdte required regeneration
temperature. Decreasing the flow rate would aisoeiase the temperature of the top
portion of the condenser though, adding a largett head to the process air. A
balance needs to be struck between the heat Ilahthamegeneration temperature.

A possible solution would be to redesign the deshwgs condenser into a
single pass MCHX which would more evenly distribtite temperature profile of the
heat exchanger. This solution would also reduee ghessure drop through the

condenser.

5.4: Process Air Loop

Table 21 shows the results of the process air glaitets. The temperature
and relative humidity were measured before the enadpr, after the evaporator and
at the outlet of the system after the fan.

Table 21: Process Air Side Results

Variable | Unit | Evaporator | Evaporator | Process Air |
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Inlet Outlet Outlet
Temperature °C 26.6 12.3 22.8
Relative Humidity % 49.38 92.81 49.33
Humidity Ratio g/kg 10.77 8.23 8.50

The decrease in humidity ratio at the evaporatdlebshow that there is a
latent load associated with the evaporator. Thés wue to the evaporator inlet
temperature remaining above the dew point temperaitithe air. The system still
needs to be optimized for sensible only coolingicliwould be validated when the
humidity ratio before and after the evaporatoreareal.

The process air outlet shows a slight increasenén htumidity ratio which
could be caused by two different factors. Thet fiextor is the high uncertainty
associated with the relative humidity sensors. 3$@esors used were high quality
sensors, but still had an accuracy of £1% relatumidity, which only increases as
the relative humidity increases as it does immedtjafter the evaporator. The other
factor that could actually be increasing the hutyidatio is the condensed moisture
from the latent cooling on the evaporator. Thestuwe is sitting in the system which
could be absorbed by the air later in the procgasa During standard operation of
the SSLC system, this would not be an issue, buhglihe tested conditions, it was
due to the lower than desired evaporator tempegatur

Another issue seen in Table 21 is the processudlieto Most of the sensible
cooling done is lost before the air leaves theesyst The main contributing factor
was the lack of insulation inside and outside th&tesn. The wall separating the
process and airside flows could be acting as a &eelhanger, so insulating that
barrier would immediately decrease some of the reathange between the

evaporator and condenser side air loops. Theasdsa lack of insulation outside of
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the main system before the thermocouple grid meastine outlet air temperature.
The duct is subject to the ambient temperature iiady increasing the process air
temperature as well. An increase in temperatusxgected as the air flows through
the DW and process air side loop, but a 10°C teatpes increase may not be

justified and needs further investigation. .

Chapter 6: Conclusions

A PTAC type DW assisted SSLC system was designedstaicted, and
tested for manufacturing purposes. The systemtinasecond iteration in SSLC air
conditioning units. In order to produce a mark&tgiroduct, certain objectives had
to be met in order to keep the size and cost dawd,the energy reduction benefits
up. The system was modeled after PTAC type ACsututrently on the market as
the smallest size AC unit that could integratesbkd DW.

The SSLC system provides a more efficient AC umith lower annual costs
to the consumer, as well as increased thermal abmBy separating the sensible and
latent cooling, the desired thermal comfort poiah de reached without wasting
energy. The DW reutilizes the waste heat fromuli€, adding the additional latent
load at a negligible addition to the power consuamt

The test facility was constructed in order to nueaghe cooling capacity of
the SSLC system, as well as monitor the refrigenatind air side loops within the
system. Because of the emphasis on the latent laadidity and temperature were
extremely important properties of the air side koBecause the VCC was required
to operate as a purely sensible load system, ma@se control of the refrigerant

state points was also necessary. The test fadbtysisted on the main system,
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designed to fit within the restricted size limitats of a standard PTAC unit, and the
process air side duct, representing the space tommsiduring normal operation.

Because the combined SSLC system is newer teajyoach component
requires constant optimization as testing continugertain components such as the
MCHX’s were optimized but as testing progressedtater aspects were more
important such as the pressure drops, the evenetamupe distribution over the
desuperheat condenser, or the high evaporator temeperature. The realizations
made during testing required parts of the systelmetgent back to the design phase,
but that only increases the optimization of thisvrtechnology. Each set back is a
lesson learned widening the knowledge and undeistgof SSLC systems.

Further optimization and testing of the SSLC PTAGQIt must be done in
order to reach the objectives set for the proj@dte point the system is at currently is
not far from reaching its full potential, but museé altered in order to assure
maximum efficiency increase and power savings dkierstandard VCC AC units

currently on the market today.
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Chapter 7: Future Work

The data collected thus far from the SSLC PTAC twais been useful in
optimizing the system. Certain component desigdsndt perform as simulated or
modeled which is expected for such novel experialea@mmercial prototype design.
Each test of the system provided information ontvetil needed to be done in order
to optimally run the system.

The first major change that needs to be made asrédesign of the heat
exchangers. The MCHX’s were chosen as more congratiefficient options over
standard tube-and-fin coils. However, the refragerside pressure drop was much
higher than expected, reducing the efficiency & #ystem through a substantial
increase in compressor power consumption. Onchdbheexchangers are redesigned
and replaced and an optimized VCC is installedpeenaccurate understanding of the
benefits of the addition of the DW would be highlied.

Because of the current VCC, the system cannoeotiyrperform in an SSLC
mode. The evaporator must be a solely sensibletoagemove excess moisture from
the system, and allow for the DW to remove the latint load. In addition, the test
facility must be insulated better in order to reglumoling capacity lost to the

environment.
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In order to properly regenerate the DW, a variapeed fan must replace the
current desuperheat condenser fan. This will allbes system to reach the design
point regeneration temperature, as well as decrdasefan power consumption,
giving the system more accurate total power congiamp

Once those changes are made, the system cantee &l the air flow and
latent capacity through the DW can be optimizedniaking adjustments to the air
flow bypass as well as the rotational speed ofDNe. After the system meets its
desired capacity, with a full understanding of rakéasurements within the system
such as pressure drops, air flow rates and opgraémperatures, the fans and
compressor can be more specifically sized to regogeer consumption and increase
the efficiency further.

Finally, with all of the results collected at tloptimal test point, a better
understanding of the market potential of the systam be made. A more accurate
cost of the entire system can be pinpointed basespecific components chosen to
minimize cost and consumption, and maximize capacitesting under different
conditions will also provide a better understandaighow the unit will operate in
different regions, and as well as a better undedstg of how the system can be
improved further. Manufacturing and marketinghs £nd goal of the DW assisted
SSLC system, in order to replace the current PTA@swith a more efficient, more

cost effective and more convenient system of theréu
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