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Last time

* Multi-zone HVAC systems: CAV, VAV, DD
* Heating systems

» Refrigeration cycles
— Vapor compression
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Ideal single-stage vapor compression cycle
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(rejected to heat sink)

Condenser

Liquid

AAA%

3

Expansion E;
valve

Evaporator

Some of the liquid 4 T
flashes to vapor

* Vapor + liquid mix

2

Compressor

Constant

I~ entropy

(isentropic)
] compression

NV

Pressure-enthalpy (p-h)

», psia .
P PRy diagram

N
/

R R

h, Btu/lb

Rest of liquid
evaporates at
evaporating

temperature
T, °R
T
T,

Compressor suction
* “suction pressure”

Temperature-specific enthalpy (7-s)

diagram
2
| v
X -
\ 4
1
\
7 \ > \
4
|
-
A 4 A 1

s, Btu/1b°R



S0MPa

20MPa [.]...]..
10Mpa R R

SMPa |l |-

Pressure

1MPa L.
0.5MPall- |-
02MPall ...
100kPa (o000
so kPa Lol

20 kPa |.l.. |-

10 kPa

5 kPa

2 kPa

1 kPa

0
p-h diagram for water

2MPa |-}--)-

u plot by izzi

500

1000

1500

2000
Enthalpy (kJ ! kqg)

2500

i
3000

3500 4000



400 450 500 550 600 650

2050 100 150 200 -
I ’ g e B N S
R-410A | / K )}(@‘, NN U
10 PSR : ] : 4 3 - ’@4 ‘."w R < = s.wOK.d. bt 10
6 It 1-111H il % - 01 ®) - 4 ORI L 6
I{g 8 .!"'.! S AW N \ \ L\ 100
COOMBECT L AR REE L “
' " " ' : ] : AN N-X" \ -4 60
'aps:%sghsa"l 40 /—H NN M X
" Ak Ay STAART D SR VY A XL LA s 2
WIS Hi » A7 TN AT TA L,
Wi i | A7 ST XN VXA T
€ o1 FEEHERHEREER Condensation RN R AR R AnE S S km e B
A Gas > |ICIUId glves off heat AUATIA T LA AT |
w 06 [ (SR A ~ L MWV ATTT Y O
o . Il ' 1)
0.4 Sk H KAHAA T 0.4
2 L (i WA T R AL
i il 1 t—4—+ 'r= 'mr z FLL - H
& o2 Expansion | E_Val_ooratlon |1 Compression 12757 Tiao  fo)
Decreases P [//[ ] Liauid = Jas labs‘?rbs heat Jifce Increases P L\t
L EERY,
0.08 fo & ] i b /o | 0.08
0.06 0.06
B0|I|ng poi int at standard atmospherlc pressure -50°C
0.04 S A TR (0 [ N/ | M ) TR D 0.04
LAY AW LAY | Mg sY AV AW SRRV S YA T ‘ | Sk d-H oseo
HEHEENRNERNE ST
0.02 - e e T b 040-4-+] 0.02
l ' l / H HY i || os0
| /1 / / Ny W
0.01 — — - 0.01
50 100 150 200 250 300 350 550 600 650
ENTHALPY, kJ/kg Based on formulation of Lemmon and Jacobsen (2004)

Properties computed with:  NIST REFPROP
version 7.0

p- h d |ag ram fo r R-41 0 A Fig. 16 Pressure-Enthalpy Diagram for Refrigerant 410A



Non-ideal single-stage vapor compression cycle

Actual refrigeration systems differ from ideal cycles

« Pressure drops occur everywhere but the compression process
» Heat transfers between the refrigerant and its environment

» Actual compression process may differ
» Refrigerant might also have some oil mixed in to lubricate

» They all cause irreversibilities in the system that require additional compressor power
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Non-ideal single-stage vapor compression cycle

Actual refrigeration systems differ from ideal cycles

« Pressure drops occur everywhere but the compression process
» Heat transfers between the refrigerant and its environment

» Actual compression process may differ

» Refrigerant might also have some oil mixed in to lubricate
» They all cause irreversibilities in the system that require additional compressor power

The expansion valve
needs 100% liquid in its
inlet to work properly
* You “subcool” to
ensure that you have
only liquid
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Non-ideal single-stage vapor compression cycle
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Question: What is the COP?

A. Congressional Observer Publications
B. California Offset Printers
C. Coefficient of Performance <«—
D. Slang for a policeman
COP — Provided cooling energy [W or BTU/hr]

Used electric energy [W or BTU/hr]

Equivalent to the efficiency of an air-conditioning unit

Joke courtesy of Jeff Siegel, University of Toronto



Coefficient of performance (COP)
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What is the efficiency of a typical residential AC unit?
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COP example calculation
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1 310.0 -10.0 402.08 1.7810 0.07558
2 304.0 4.0 406.25 1.7984 0.07946
3 1450.0 82.0 454.20 1.8165 0.02057
4 14350 70.0 44431 1.7891 0.01970
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Real data: ASHRAE RP-1299
Energy implications of filters
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Real data: ASHRAE RP-1299
Energy implications of filters

Temperature and humidity ratio differences across AC coils in homes
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Real life COP example: Residential AC unit

 Capacity = 3 tons ﬁg;?nA?Z;C ] j6KC
coil/ —

— 36 kBTU/hr V,, =400 CFM per ton (typical)

- 10.5kW Vi = 1200 CFM
V,, = 0.566 m3/s
Qqons = (1.15 kg/m?3)(1 kd/kgK)(0.566 m3/s)(14K)
 Power draw while operating: Qoens = 9.1 kW

" SHR = 0.75 (typical)
— 3500 W = 3.5 kW Qu = 9.1/0.75 = 12.1 KW
i , =10.5 kW/3.5 KW = 3.5




What do we need to know about cooling systems?

Equipment selection example:

You would choose a
1.35 ton capacity unit

A load calculation
determines you need 1.2
tons of water cooling

1.35 ton is accurate for:
115°F air condenser temp

and
1 ton = 12000 Btu/hr feom';;’:;;?:”g water
1.2 tons = 14,400 Btu/hr
SPECIFICATIO IK- 25A .33A .5A .75A A 154 2A 2W 3w 3A 4A

COMPRESSOR V¥ Capacity2 .25 .32 .41 .70 (.98 1.35) 2 2 3 3 4
HP each 25 33 50 75 T—+t5 2 2 3 3 4
Type3 H H H H H H H H H H H

Notes: Farmps Tust be used for sizing disconnects and supply wiring. 2. Tons of capacity at 12, L50°F ITWT @
105°F condensing temperature for water-cooled units and 115°F for air-cooled units. Capacities may be +/- 5% as reserved by the
COmy acity multipliers are S0°F - 1.00; 40°F -.80; 30°F - .60; 20°F - .40. The minimut

operating temperature when no glycol is used is 48°F. 3. H - hermetic compressor used on this model. 4. Consult factory for 50hz 5
operation. 5. Approximate unit weight crated for shipment.




AC capacity and efficiency changes with outdoor
T, indoor T/RH, and airflow rates

Table 4. Example Manufacturer EPT (Subset of Data Displayed)

Condenser Air °F (°C)
Evaporator Air
75 (23.9) 95 (35) 105 (40.6)
EWB Capacity kBtu/h | Total | Capacity kBtu/h Total | Capacity kBtu/h | Total
cfm Sys Sys Sys

°F(°C)  Total' | Sens'? | ,w® | Total' | Sens® w?® | Total'  Sens’ | w?

72(22) 3432 | 1727 | 196 | 3124 | 1613 244 | 2959 | 1554 | 271
67(19) 3145 | 2121 | 196 | 2859 | 2005 243 | 27.04 | 1944 | 271
875 |63(17) 2935 | 2058 | 196 | 2666 | 1940 243 | 2519 | 1878 | 270
62(17) 2882 | 2513 | 195 | 2624 | 2394 243 | 2486 2329 | 270
57(14) 2800 | 2800 | 1.95 | 2589 | 2589 243 | 2474 @ 2474 | 270
72(22) 3488 | 1805 | 201 | 3166 | 1690 248 | 2996 | 16.30 | 276
67(19) 3198 | 2249 | 201 | 29.00 | 2131 248 | 2740 @ 2068 | 275
1000 | 63(17) 29.88 | 21.78 | 200 | 27.07 | 2058 248 | 2555 | 19.95 | 275
62(17) 2944 | 2690 | 200 | 2681 | 2681 248 | 2562 @ 2562 | 275
57 (14) 2910 | 29.10 | 200 | 2685 | 2685 248 | 2562 @ 2562 | 275
72(22) 3527 | 1878 | 206 | 1761 | 1761 253 | 3022 | 17.07 | 281
67(19) 3236 | 2368 | 205 | 2250 | 2250 253 | 27.66 @ 21.88 | 2.80
1125 | 63(17) 3025 | 2290 | 205 | 2170 | 21.70 = 252 | 2582 | 21.07 | 2.80
62(17) 3002 | 2849 | 205 | 2762 | 2762 252 | 2632 2632 | 2.80
|57(14) 2999 | 2999 | 205 | 2762 | 2762 252 | 2632 | 2632 | 2.80

|

' Total and sensible capacities are net capacities. Blower motor heat has been subtracted.

“ Sensible capacities shown are based on 80°F (27°C) entering air at the indoor coil. For sensible capacities at other
than 80°F (27°C), deduct 835 Btu/h (245 W) per 1000 cfm (480 L/S) of indoor coil air for each degree below 80°F
(27°C), or add 835 Btu/h (245 W) per 1000 cfm (480 L/s) of indoor coil air per degree above 80°F (27°C).

17

* System kilowatt is the total of indoor and outdoor unit kilowatts.




AC capacity and efficiency changes with outdoor
T, indoor T/RH, and airflow rates
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EER and SEER

 EER = Energy Efficiency Ratio

— Same as COP but in mixed units: (Btu/hr)/W

— Example from previous page:
8.5 [kW] _343 EER — 29.0 [kBtu/hr]
2.48 [KW] 2.48 [kW]

COP = =11.7

EER=COPx341

 SEER = Seasonal Energy Efficiency Ratio, units: [Btu/WHh]

— Cooling output during a typical cooling season divided by the total
electric energy input during the same period

— Represents expected performance over a range of conditions
EER =~ -0.02 x SEER® +1.12x SEER



EER and SEER
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* AC units must be 14 SEER (or 12.2 EER) beginning on January 1, 2015
if installed in southeastern region of the US



Using COP to estimate power draw and energy
consumption

 If you know the cooling load and you know the COP, you can
estimate the instantaneous electric power draw required to

meet the load:

P _ Qcooling,load

elec C 0 P

 If you multiply by the number of hours and sum over a period
of operating time, you can estimate energy consumption:

* You can also split data into bins if COP/EER changes with
varying conditions



Part-load ratio (PLR)

Many systems
operate at their
highest efficiency
(highest COP) at
design load
conditions

— Maximum load

RES Clg (SDL-C17)

Part Load Efficiency (COP/COP_ss)

* % PSZClg (SDL-18) 7

But systems don'’t +  + HP Hig (SDL-C61) -
¢ & Fumace (SDL-C111) —

always operate at A A Boiler (BLRHIR2) ]
peak load conditions ]
— “Part-load” conditions 1
are common |

i . 0.0 P — TR— PR— TR — L |
The part-load ratio 0.0 0.2 0.4 0.6 0.8 1.0

PLR (load/capacity)

quantifies COP at
part-load conditions
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Air-cooled chillers

« Chillers use vapor compression or absorption systems to

produce chilled water for cooling spaces
Chiller

Air-cooled chiller /
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air 95°F

Expansion
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Air-cooled and evaporative condensers

Air-cooled condenser
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Water-cooled chillers (i.e., “cooling tower”)
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Water-cooled chillers (i.e., “cooling tower”)

Counter-flow induced draft
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Air vs. water cooled chillers

TABLE 10.3 Comparison of Various Heat Rejection Systems at Summer Design Conditions

Water-cooled Water-cooled condenser  Air-cooled Evaporative
condenser and cooling tower condenser condenser
Condensing temperature, °F 95 102 120 100
Cooling air volume flow Smaller than air-
rate, cfm/ton* 600-1200 cooled condenser
Cooling water, gpm/ton* 3 3 1.6-2
Makeup water, gal/(h-ton)* 24 24
Maintenance Periodic cleaning Monthly inspection
of coil when and cleaning of coil
outdoor air
is not clean
Initial cost (refrigeration plant) Depending on Lower than Higher Higher
initial cost on air-cooled
water intake condenser
Energy consumption Lower Lower than Higher at Lower
(refrigeration plant) air-cooled design load
condenser
Condensing heat used Easier Best applied Between water- Difficult
for winter heating or cooled and
equipment itself used evaporative
for evaporative cooling condenser
Application Large Medium Medium and small  Medium and large
and large size, or where

water is scarce

Comparison is based on outdoor 95°F dry-bulb, 78°F wet-bulb; lake, river, or seawater temperature = 78°F.
*Ton refrigeration capacity at the evaporator.
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HEAT PUMPS



Air- and ground-source heat pumps

Heat Pump &]

50°F 90°F
Air 1 = =t ) 1 Air
.1
@“é “H é% 80°F
e

by: Michael Ermann and Clark Coots

https://www.youtube.com/watch?v=NyNeh7wPQQk ~




Heat pumps

Cooling
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Air-conditioner run in reverse
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Heat pumps
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Heating and cooling load and capacity, 1000 Btu/h

Heat pumps

T— Cooling mode —

Heating mode

N 7/ EER,
Y 10

20 40 60 80 100
Outdoor air temperature 7, °F

COP,,
-4

- 3

32



Interior zone
supply air

Summer: 65°F
Winter: 54°F

Ground source heat pumps
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Ground source heat pumps
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Ground coupled heat pumps
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FINISHING UP HVAC SYSTEMS



Heating and cooling of larger buildings

Air Conditioning for Big Buildings

by: Michael Ermann and Clark Coots
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https://www.youtube.com/watch?v=j1nYipLAvOU
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Heat recovery systems

Air to air heat recovery Rotary/enthalpy wheel
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Heat recovery systems

Rotary/enthalpy wheel

w, Ib/lb w, Ib/lb
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Enthalpy process
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Investigation of HVAC system in this room



