CHAPTER

TWO

UTC SYSTEM THEORY{ TC "UTC SYSTEM THEORY" \
1}

The UTC sysem modd is solved severd thousand times in a typicd annuad smulation.
Severd assumptions are necessary to reduce the theory to a set of equations that can be solved
quickly. This chapter details the UTC system equations and the assumptions necessary to obtain
them.

2.1 Energy Balances{ TC "2.1 Energy Balances" \| 2}

The first step in predicting the therma performance of the UTC system is to calculate the
outlet air temperature from the collector, Toyt. There are four fundamentd energy baance

equations that are solved to find Toyt.

The canopy is assumed to act as a perfect constant velocity header. This means that the
ar in the plenum only flows verticdly, not horizontaly, and the UTC system becomes two-
dimensiond, as shown in Figure 2.1.1. Ambient ar is drawn through the holes in the UTC plate
and into the plenum, the space between the collector plate and the wall. The air flowing through
the collector into the plenum convects energy from the collector surface.

out &p (Tplen- Tamb) = @ conv,col-air (21.1)
The labdling convention that is used for heet flows is @ modefrom-to- SO @ conv,col-air is

convection from the collector to the ar. The ar flow rate out 1S the outdoor air flow rate

through the collector. The ar temperaiure in the plenum is assumed to be uniform, which



eliminates the need for a complicated CFD anaysis.
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Figure2.1.1. Energy badanceonair{ TC "Figure2.1.1. Energy bdanceonair."\| 5}

Also in Figure 2.1.1, the air convects energy from the outside wall surface as it travels up
the plenum.
out Cp (Tout - Tplen) = @ conv,wall-air (212)
Figure 2.1.2 shows an energy balance on the outside wall surface.
9 condwall = & convwall-air + @ radwall-col (213
The outdde surface of the wal gains energy by conduction through the wall from the ingde, and it
loses energy by convection to the air in the plenum and radiation to the back of the collector.
Although the specific heat is temperature dependent, congtant air properties are assumed.
This diminates the need to continudly recaculate the air properties at every stage in the collector
sysem. Air properties at ambient temperature are used because the only point in the system

where air properties are crucid to the cdculationsis as the air travel s through the collector.
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The energy balance on the collector plate is shown in Figure 2.1.3. The energy gained by
the plate is the absorbed solar radiation and the infrared radiation from the wal behind the
collector. The energy removed from the collector is the convection to the air flowing through the
collector holes and the net radiation from the collector to the surroundings (sky and ground).

@ abs+ 9 radwall-col = 8 conv,col-air + @ rad,col-sur (2.1.4)
The convection from the collector to the air includes convection from the front, hole, and back
surface.

In Equation 2.1.4, it is assumed that there are no convection losses from the collector to
the surroundings. This assumption means tha there is no naturd convection loss from the
collector to the surroundings and no forced convection loss due to wind. These approximations
have been vaidated anayticaly if the air flow rate per unit of collector area, or gpproach velocity,
is greater than 0.02 m/s and the collector area is large enough that edge loss is negligible
[Kutscher, 1992].
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2.2 RateEquations{ TC "2.2 Rate Equations' \I 2}

The rate equations for the energy flows are necessary to solve the energy baance
equationsin Section 2.1.

For convection from the collector to the air, an empirical heet transfer correlation is used
[Kutscher, 1992].

Nup = 2.75 (P/D)12 Rep043 (2.2.1)

P is the digance between hole centers, caled hole pitch, and D is the hole diameter. This
correlation determines the Nusselt number based on hole diameter that is used to find heony,col-

ar- Convection occurs on the front surface, the hole surface, and the back surface of the collector
plate. Although convection on the front surface comprises the mgority of the heat trandfer, dl
three are included in Kutscher's correlation. The heat exchanger effectiveness of the collector is

caculated by Equation 2.2.2.



€nx = 1 - exp( (heonv,col-air As) / (I out cp) ) (22.2)
This effectiveness is used in the relaion between the plenum air temperature and the collector
temperaure.
€4x = (Tplen- Tamb) / (Tcol - Tamb) (22.3)
Equation 2.2.3 is effectively arate equation for 5 conv,col-air-
The collector plate temperature is assumed to be uniform. Thermographs of operating
UTC plates show that the plate temperature isfairly uniform [Enermodal, 1994].
This has been found to be a good assumption given relatively uniform flow through the collector
[Kutscher, 1992]. To ensure uniform flow through the collector, the pressure drop across the
collector must be at least 25 Pa.
The heet trandfer corrdations used for convection from the wal to the air are flat-plate

corrdations for pardld flow [Incropera and Dewitt, 1990]. Equation 2.2.4 is a mixed flow
correlation, used for Repy > 5 x 10°.

Nupt = ( 0.037 Rep08 - 871) Prl/3 (2.2.4)
For Rept < 5 x 105, the following laminar flow corrdation is used.
Nupt = 0.664 Rep0> Prl/3 (2.2.5)

The average plenum velocity is used in these corrdlations. Since the velocity varies from zero a
the bottom of the plenum to its maximum at the top, the average is just haf of the maximum.
These correlaions are used to find heony wall-air, used in the following rate equation.

@ convwall-air = heonvwall-air A ( Twall - Tplen) (2.2.6)
The temperature of the outsde wal surface is al'so assumed to be uniform.

The flat-plate correations are admittedly suspect since the flow in the plenum has not been
sudied extensvely. However the experimental work has not been done to provide a better
correation. Previous work by Rhee and Edwards [1981] yields a correlation for a channd with
asymmeiric suction and hesting. However, the suction is out of the channd, not into the channd.

Kuroda and Nishioka [1989] report on a channd with injection through a perforated wall, but the



parameters of the perforated wall (e.g. porosity) are not agpplicable to UTC plates. Since
experimental work is beyond the scope of this thess, these flat-plate correations must be used.
This approximation causes the UTC mode to under predict the convection from the wall to the
ar, as shown in Section 4.1.

The following rate equeations are used with the energy baances on the outside wal surface

and collector plate.

& condwall = Ucondwall A ( Troom- Twall ) (2.2.7)
Q radwall-col = Ssb A ( Twall*- Teol*) / (Vewall + V€col - 1) (228)
Q abs=acol IT As (2.2.9)
Q rad,col-sur = €col Ssh As ( Tool* - Tar#) (2.2.10)

The temperature of the surroundings is a combination of the radiative ground and sky
temperatures.

Taur*=0.5( Tgnd* +Tsky*) (2.2.112)
Equation 2.2.11 is only vaid for a verticd UTC plate. The ground temperature is assumed to
equa the ambient temperature. To edimate the blackbody sky temperature, the agorithm
developed by Martin and Berdahl [1984] is used (see Appendix B).

2.3 UTC System Operatior{ TC "2.3 UTC System Operation” \I 2}
Ambient air is heated by the collector to the outlet temperature, Toyt. The useful energy

gained isthe sum of convection from the collector and from the outside wal surface.
@ u=0 conv,col-air + @ convwall-air (23.1)
The outlet air from the collector is mixed with recirculated ar from the building. This air, a Tmjx,

is heated to the necessary supply temperature to meet the heating load, as shown in Figure 2.3.1.
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Figure 2.3.1. Basic overview of the UTC system mode.{ TC "Figure 2.3.1. Basic overview of
the UTC sysem modd." \| 5}

The summer bypass damper is opened when the ambient temperature exceeds a pre-set
level. The bypass damper is built into the collector plate directly in front of the building air intake.
When the bypass damper is open, ambient ar is drawn directly into the building without being
heeted by the collector. The plenum is seded off from the building ar intake so that natura
convection currents do not bring heated air into the building.

The supply ar flow rate to the building, m 1, is fixed by the fan Sze. Condant ar volume
fans are used in UTC systems [Hallick, 1995]. The recirculation damper varies g, the fraction of

the supply air that is drawn from the outside through the collector.
out=gim 1 (2.3.2)



The outdoor air flow rate must be within a certain range. The minimum required outdoor air flow
rate is sat by ventilation sandards. Obvioudy, the maximum outdoor air flow rate is equd to the
supply air flow rate (g = 1). The recirculation damper varies g such that the auxiliary energy is
minimized.

An energy balance on the entire system yidlds the auxiliary energy required to meet the
hesting load.

@ ax = out ¢p (Troom- Tamb) + @ bidg- 8 u
=Q joad-Q u (233)

Under agiven set of operating conditions, 6 load increases as Im gt iNcreases, as can be seenin

Figures 2.3.2-4a. The y-intercept of the @ load curve is 6 bldg Which consists of the building

skin loss and the internd gain due to people, lights, etc.
@ bidg= UA (Troom- Tamb) - Gains (2.34)
As expected from Equation 2.3.3, the dope of the G |0ad curve decresses as the ambient
temperature increases from 7 C in Figure 2.3.2ato 11 C in Figure 2.3.4a.
There is a limit to the amount of useful energy that can be gained from the collector

because there is a limited amount of solar energy absorbed by the collector as well as a limited
amount of wall loss available to be recaptured. Q. asymptotically gpproaches that limit as Im oyt

increases. The UTC system is controlled to minimize @ aux. the difference between 6 load @d
g \, as shown in Figures 2.3.2-4b. Therefore, the UTC system should be operated a the
outdoor air flow rate at which 6 load and @ y intersect.

As shown in Figures 2.3.2-4c, the supply temperature necessary to meet the hesting load
isnot afunction of I gt

Tsup = Troom+ 8 bidg/ (M 1 ¢p) (2.3.9)
Tmix s found by a smple energy baance on the recirculation damper.
Tmix=9Tout + (1 -9 Troom (2.3.6)

Tmix and Tqyp intersect a the same velue of [m oyt a which G axiszeo.



1m T T T T

%
s | AL LA '
@ = Qu7" [, 1 a1
oisad | e T |
200 -0/ oad ] /Qload L H- Qioad ]
0 R T [ SR !
/
S 20 11 F 11k -
I / A L
T Ll | \_’/ | _v 1
-400 PSR S I PSR S
26 ————————— — —
T .
24 - E = | - - mix 4
@) /\Tmix /\mlx [\ N
@2 | 1L N L _
] _Twp\ Tsup \ Taup \\
20| 11 F 11k -
N
gl 1. S S
0 10 20 30 40 50 60 70 [ O 10 20 30 40 50 60 70 |0 10 20 30 40 50 60 70
Moy [KQ/s] Moyt [Ka/s] Moyt [kg/s]

Figure2.3.2. UTC system Figure2.3.3. UTC system Figure 2.3.4. UTC system
operation at Tgmp =7 C.{ TC operationat Tgmp =9 C.{ TC operationat Tgmp =11 C.{ TC

"Figure 2.3.2. UTC system "Figure2.33. UTCsystem  "Figure2.34. UTC system
operationat Tamh =7 C."\I 5} operationat Tamh =9C."\I 5} operationat Tgmh=11C."\I 5

}

In Figure 2.3.3, @ aux is zero within the dlowable range for M ot Therefore, the UTC

system should be operated at this outdoor air flow rate. If less outdoor air is used, Tmix is too

hot. Also, bringing in less outdoor air does not take advantage of the free heat available to bring



in outdoor air which improves the indoor ar qudity. If more outdoor ar is used, @ u increases
and indoor ar quality improves even more, but auxiliary energy is required.
The auxiliary energy may not equa zero within the dlowable range for Im gt. At low

ambient temperaiures, the condition for zero auxiliay may be beow the minimum required
outdoor air flow rate, as shown in Figure 2.3.2. To minimize 5 aux, the UTC system brings in

the minimum amount of outside air necessary to meet ventilation standards.
At high ambient temperatures, the intersection of @ load and @ u may be at an outdoor

ar flow rae above the maximum possible, as shown in Figure 2.34. At the maximum flow rate,
Tmix is gregter than the desired Tqyp, and the summer bypass damper should be opened.
However, in actud UTC system inddlations, the summer bypass is only opened when the ambient
temperature rises above the summer bypass set temperature. S0, in this modd, the UTC system
operates in the same way, and the bypass damper is not opened. The UTC system operates at
the maximum outdoor ar flow rate, and the building becomes dightly over hested. Optimally, the

summer bypass set temperature is adjusted so that over heating does not occur.

2.4 Reduced Wall Loss{ TC "2.4 Reduced Wall Loss" \I 2}
The reduced wall lossis caculated by taking the difference of the potentiad conduction and

the actud conduction through the south wall. The potentid conduction through the wall is
cdculated for atemperature difference of (Troom - Tsolar) across the wal. With the UTC plate

over the south wall, the actua temperature difference becomes (Troom - Tplen), which may
reduce the wall |oss.
The conduction through the wall covered by the UTC plate is given by Equation 2.4.1.
@ condwall = Ucondwall A (Troom- Tplen) (24.1)
The conduction through the wall if the UTC plate were not there is caculated using the sol-air
temperaure.
@ pot = Ucondwall A (Troom - Tsolair) (24.2)



The sol-air temperature is given by Equation 2.4.3 [ASHRAE, 1993].
Teolar = Tamb + awall I/ Mfilm (2.4.3)
The average film coefficient for the air againgt the origina wall, hfjjm, is assumed to be 15 W/nm?-C
[Enermodal, 1994]. So the reduced conduction through the wall due the UTC plate is given by
Equation 2.4.4.
@ redwal = @ pot - @ cond,wall
= Ucondwall A (Tplen- Tsolair) (24.49)
The reduced wadll lossis asmal component of the totd energy saved by the UTC system.
A smple numericd example shows the magnitude of the reduced wal loss. Vdues for the
parameters needed in the calculation are given in Table 2.4.1.

Table24.1. Sample UTC system parameters for reduced wall loss caculation.{ TC "Table
24.1. Sample UTC system parameters for reduced wall loss caculation.” \| 7}

Parameter Vdue
Ucondwall 0.568 W/m2-C
collector area, A 100 m?
ambient air temperature rise, Tamb oC

plenum ar temperature, Tplen 10C

wall absorptivity, awdl 04

solar radiation, |t 700 W/m2

air density, r 1.2 kg/m3
approach velocity, V 0.035 m/s

ar specific hedt, cp 1006 Jkg-C

The sol-air temperature is caculated from Equation 2.4.3.



Toolair =0-(0.4) (700) / (15) =18.7C (2.4.5)
The reduced wall lossis calculated from Equation 2.4.4.

G redwal = (0.568) (100) [10 - 18.7] = -492 W (2.4.6)
In this example, the wal loss actudly increases. The wadl loss increases when the sol-air
temperature is higher than the plenum ar temperature. In effect, the UTC plate increases the
conduction through the wal by shading the wall.

The mgority of the ussful energy gained by the ar in the UTC system is convection from
the collector to the air, given by Equation 2.1.1. The mass flow rate through the collector is
necessary for this energy badance.

out =r VA =(12) (0.035) (100) = 4.2 kg/s (24.7)
Evauating Equation 2.1.1 yidds the convection from the collector to the air.

8 conv,col-air = (4.2) (1006) (10) = 42,250 W (2.4.8)
So the magnitude of the reduced wall lossis on the order of 1% of the useful energy gained by the
ar in the UTC system. The reduced wdl loss is more sgnificant during the night and on cloudy

days.

2.5 Energy Savings{ TC "2.5 Energy Savings' \| 2}

There are three energy savings mechaniams for a UTC sydem: active solar gain,
receptured wal loss, and reduced wdl loss. However, the energy savings of the UTC system is
not smply the sum of these three components. Fundamentaly, the energy savings is the reduction
in the heat required from a traditional system, which trandates into a reduction of the heating hill.
The heat required from an auxiliary unit of a UTC system is less than the heat required from a
traditiona heeting system.

9 save =08 trad - G ax (25.1)

For the UTC sygsem, the auxiliary energy is the difference between the load on the
building and the useful energy gained by the UTC system.



6 aux = 6 load - 5 u
= O load - (@ conv,col-air + B convwall-air) (25.2)
The load on the building depends on the amount of outdoor ar drawn into the building.
Q 10ad =9 1 ¢p (Troom - Tamb) + @ bidg
=g 1 cp (Troom - Tamb) + B skin- Gains- @ redwal  (25.3)
The heat supplied by a traditional system is the load on the building (without the reduced
wadl loss) with the minimum outdoor air flow because a traditiond system never brings in more
outdoor ar than the minimum required.
Q trad = gmin [ 1 ¢p (Troom - Tamb) + & in - Gains (25.4)
Subgtituting Equations 2.5.2-4 into Equation 2.5.1 yields the energy savings as a function of the
amount of outdoor ar drawn into the building.

6 save = 6 conv,col-air * 6 conv,wal-ar 6 red,wal
- (9- 9min) 1 1 Cp (Troom - Tamb) (25.5)

When the UTC system is operating a the minimum outdoor air flow rate, the energy
savings is indeed equd to the sum of the three energy savings components from the UTC system.
The recirculation damper on the UTC system is controlled in such away that the outdoor air flow
is above the minimum only when no auxiliary energy is required (see Section 2.3). Under these
conditions, the useful energy gained equas the building load.

Qload=8 u (25.6)
Equation 2.5.5 can be smplified.
9 save = B 10ad + B redwall - (9 gmin) B 1 ¢p (Troom - Tamb)
=@ «in - Gains+ gmin @ 1 ¢p (Troom - Tamb)
= trad (25.7)
So the energy savings never exceeds the heating requirements of the building with a traditiond
syslem. Bringing more outsde air into a building incresses the amount of energy gained from the

UTC system and improves the indoor ar quality, but it does not save more energy. The actua



energy savings can be subgtantidly less than the sum of the three UTC savings components if the
UTC system operates above the minimum outdoor air flow rete.

The energy savings is dependent on the building baance temperature, the ambient
temperature a which there is no heating load on the building. The baance temperature is
caculated from Equation 2.5.8 [ASHRAE, 1993].

Thal = Troom - Gains/ (UA + (gmin i 1+ b I 5) ¢p) (2.5.8)
At the baance temperature, the heeting load with a traditiona hesting unit, @ trad, 1S equd to

zero. Since the energy savings rate cannot exceed @ trad, there is no energy savings when the

ambient temperature is higher than the building balance temperature, even if the summer bypass
damper is closed. Therefore, UTC systems on buildings with low balance temperatures save less

energy than those on buildings with high balance temperatures.

2.6 Minimum Approach Veocity and Maximum Collector Area{ TC "2.6 Minimum
Approach Veocity and Maximum Collector Area” \l 2}

Obvioudy, the collector area cannot be larger than the avalable south wdl area.
However, there are other congtraints on the maximum area of the collector. In Section 2.1, an
important assumption made in the energy baance on the collector plate is that there is no
convection loss to the surroundings.  This assumption is only vdid if the approach velocity is
above Vimin = 0.02 m/s [Kutscher, 1992]. Therefore, for a building with a given minimum
outdoor ar requirement, there is a maximum dlowable collector area to operate a maximum
efficiency.

Amax=(gminm 1) /(r Vmin) (26.1)
If the collector area is larger than this maximum, there may be sgnificant convection losses from
the collector when the approach velocity is below 0.02 my/s.

The following equation is used to caculate the pressure drop across the collector

[Kutscher, 1992].



DPcol=zr V2/2 (2.6.2)
The non-dimensiona pressure drop, z, is cdculated from an empirical corrdation [Kutscher,
1992].

z=6.82((1-s)/s )2 (Rep)023%6 (2.6.3)
The porosity for a UTC plate with an equilaterd triangular hole pattern is given by Equation 2.6.4
[Kutscher, 1992].

s =0.907 (D / P)? (2.6.4)
The pressure drop across the collector plate must be at least 25 Pa to ensure a uniform flow
digribution over the collector. A uniform flow digribution results in a uniform temperaiure
digribution over the collector, which optimizes the performance of the collector. If the
temperature digtribution is not uniform, the hot spots on the collector increase the radiation loss to
the surroundings, thereby reducing the efficiency of the UTC system. Depending on the porosty
of the collector plate, the pressure drop across the plate may be less than 25 Pafor an gpproach
velocity of 0.02 m/s. In this case, the minimum approach velocity hasto be greater than 0.02 m/s.

Increasing the minimum alowable approach velocity decreases the maximum collector area

2.7 Complete System Air Flon{ TC " 2.7 Complete System Air Flow" \I 2}

Depending on the outdoor and supply air flow rates of a building, a secondary air supply
unit may be necessxry. For example, a building may have a smal maximum collector area
because of limited south wal area. If this building has a high outdoor air requirement that must be
met, the approach velocity could be large if dl of the outdoor air is brought through the collector.
However, above an goproach veocity of 0.05 m/s the useful energy gained from the UTC system
does not increase very much. And for high gpproach velocities, the fan power required by the
UTC system may become a concern (fan power is discussed further in Section 2.9). Therefore, it
may be dedirable to bring only a fraction of the outdoor ar through the collector and bring the rest

through a secondary air supply unit.
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Figure 2.7.1. Complete overview of the UTC system modd.{ TC "Figure 2.7.1. Complete
overview of the UTC sysem modd.” \| 5}

The mode incorporates a traditiond ar supply unit that is not connected to the UTC
system, as shown in Figure 2.7.1. The minimum outdoor and supply air flow rates in the UTC
system are chosen, and any additional outdoor and supply air comes from the secondary unit.
The addition of the secondary unit changes Equation 2.3.5; the supply ar temperaure is
caculated by Equation 2.7.1.

Tsup = Troom+ 8 bidg/ (W 1+ M 2) ¢p) (2.7.1)

Once the supply air temperature is caculated, the addition of the traditiona unit does not affect the



operation of the UTC system and isincluded only to complete the modd!.

2.8 Approach Veocity asa Function of Collector Area{ TC "2.8 Approach Veaocity as
a Function of Collector Area” \I 2}

The approach velocity and air flow rate through the collector are related by the collector

area.
Air Flow Rae=gim 1/r =V * A (2.8.1)

Figure 2.8.1 shows the approach velocity as a function of collector area for a sample UTC
system. Above acertain collector areg, the air flow rate through the collector a gmin provides all
of the required outdoor air. In Figure 2.8.1, the ar flow rate through the collector meets the
outdoor air requirement above 900 n?. The maximum collector area is determined as discussed
in Section 2.6. In Figure 2.8.1, the maximum collector area is 2250 n¥ because the minimum
approach velocity should not be below 0.02 m/s.
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Figure 2.8.1. Approach velocity and air flow rate a gmin{ TC "Figure 2.8.1. Approach
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As seen in Figure 2.8.1, the agpproach velocity a gmjn for smal collectors is 0.05 m/s.

This vaue is chosen because the efficiency of the UTC does not increase subgtantidly for an
gpproach velocity aove 0.05 m/s [Kutscher, 1992], and the fan power requirements may
become a concern. If asmaller gpproach velocity is used, the efficiency of the UTC systemisless
[Kutscher, 1992]. For smdl collectors, the minimum outdoor air requirement of the building is not
met by the air flow rate through the collector, so the secondary air supply unit provides the rest of

the outdoor air, as described in Section 2.7.

2.9 PressureDrop and Fan Power{ TC " 2.9 Pressure Drop and Fan Power" \| 2}

The totd pressure drop of the UTC system is due to the pressure drop through the
plenum as well as the pressure drop across the collector plate. Thetota pressure drop is used to
caculate the fan power required by the UTC system. This calculated fan power is not the totd
fan power needed to supply the ar to the building; it is just the additiond fan power needed
because the UTC system is added to the building.

Fan power cdculations are not included in the energy savings cdculation because the
energy savings may reduce gas or oil consumption, and fan power requires eectricity. So fan
power is kept separate from energy savings to do the economic andysis. However, fan power
cdculations are not included in the economic andyss in Chapters 5 and 6 because the required
fan power is indgnificant rdative to the energy savings, as shown later in this section. Also, the
following cdculations are not exact; they are amply order-of-magnitude cdculations to find the
gpproximate fan power requirements of a UTC system. To cdculate the additional fan power
more accurately would require experimental work that is beyond the scope of this thesis.

The pressure drop across the collector can be caculated from Equations 2.6.2-4. There
are three components of the plenum pressure drop: friction, buoyancy, and acceleration. The
frictiona pressure drop is caculated from Equation 2.9.4 [ASHRAE, 1993).

DPfric = f (ht/Dp) r (Vplenavg)?/ 2 (2.9.4)



Since the plenum velocity is zero a the bottom of the plenum, the average plenum velocity is just
haf of the maximum plenum veocity at thetop. The hydraulic diameter is given by Equation 2.9.5
[ASHRAE, 1993)].

Dh=4Ac/Pc (2.9.5)
The buoyancy pressure term is due to ar in the plenum being warmer and lighter than ambient ar
[Dymond and Kutscher, 1995].

DPbuoy = Dr ght (2.9.6)
The buoyancy force pushes air up the plenum, acting in the opposite direction of the frictiond
force. The acceeration pressure drop is based on the Bernoulli effect [Dymond and Kutscher,
1995]. Since the plenum velocity at the bottom of the plenum is zero, this pressure drop can be

smplified to Equation 2.9.7.

DPacc =T (Vp|en’ max)Z/ 2 (297)
The tota pressure drop of a UTC system a combination of these components.
DP = DPC()| + DanC - DPbuoy + DPaCC (298)

A sample UTC system might have the parametersin Table 2.9.1. The maximum plenum velocity
is caculated.
Vp|en,ma)( =(0.035m/s) (12.8 m) / (0.10 m) =4.48 m/s (2.9.9

The average plenum veocity is hdf of the maximum plenum velocity.

Vplenavg = (448 m/s) [ 2=2.24m/s (2.9.10)
The cross-sectional area of the plenum is Az = 2.85 n¥, and the perimeter is R, = 57.2 m.
Therefore, the hydraulic diameter isfound.

Dh=4(2.85m?) / (57.2m)=0.20m (2.9.11)
These vaues are used to calculate the frictiona pressure drop.

DPfic = (0.05) (12.8 m/ 0.20 m) (1.0 kg/mP) (2.24 m/s)2/ 2

=8.0Pa (2.9.12)
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Parameter Vdue
collector area, A 365.0 m?
collector height, ht 128 m
collector length 285m
plenum depth 0.10m
approach velocity, V 0.035 m/s
ar density, r 1.0 kg/m3
air dengity difference, Dr 0.05 kg/m3
plenum friction factor, f 0.05
collector pressure drop, DP 25 Pa

An air density difference of 0.05 kg/m3 between the plenum air and ambient air corresponds to a

temperature difference of about 10 C (see Appendix D). The buoyancy pressure drop is found.
DPbuoy = (0.05 kg/m3) (9.8 MV/s?) (12.8 m) = 6.3 Pa (2.9.13)

The acceleration pressure drop is also calculated.
DPacc = (1.0 kg/md) (4.48 m/s)2/ 2 = 10.0 Pa (2.9.14)

Therefore the total pressure drop of the UTC is gpproximated.

DP=25.0Pa+ 8.0Pa-6.3Pa+ 10.0 Pa=36.7 Pa (2.9.15)
Now, the fan mass flow rateis caculated.
out=r VA
= (1.0 kg/m3) (0.035 m/s) (365.0 ?) = 12.8 kg/s (2.9.16)

The additiond fan power required by the UTC system is found with the pressure drop and mass

flow rate.



Fan Power = Inh gt DP/ r
= (12.8 kg/s) (36.7 Pa) / (1.0 kg/mB) = 470 W (2.9.17)
For this same system, a TRNSY S smulation yields average energy savings of over 24 kW during
UTC system operation. The additiond fan power required by the UTC system is less than 2% of
the energy saved. The additiond cost of fan power is negligible compared to energy cost savings,
even congdering that fans are powered by eectricity while air is often heated with chegper natura

gaes.



