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Problem Statement

The Whistler Sliding Center currently being constructed in 
British Columbia for the 2010 Winter Olympics is expected 
to be one of the most challenging in the world. To design 
an energy-efficient refrigeration system that will allow the 
track to be used most of the summer is a challenge for the 
engineers. It takes a lot of concrete and 90-km of steel plus 
miles of pipe and a huge refrigeration system of pumps to 
support this sport. Details such as the color of the concrete 
under the ice surface and the location of shades over the 
track help reduce the cost of operation. But it still takes a lot 
of ammonia and ventilation air to make the event safe and 
cost effective.

Background

Located at 2,284 meters above sea level in a location that 
gets more than 30 feet of snow each year, this 1,450-m 
long track will be the venue for bobsled, luge, and skeleton 
events during the 2010 Olympics and will remain open for 
recreational and training activities in the future. The overall 
design of the track is divided into 48 sections. This problem 
will focus on a single straight section measuring 30 m in 
length (see Figure 3-1). 

Ammonia is used as the refrigerant because it is low cost, 
environmentally safe, and one of the most efficient refrigerants 
available. The only negative to using ammonia is that it 
is lethal if inhaled even in relatively small quantities. In a 
refrigeration plant, high-pressure liquid refrigerant is pumped 
to the location to be cooled, which is the section of track in 
this case. Just before entering the pipes in the section, the 
pressure is reduced by passing it through a valve. At the lower 
pressure, the ammonia easily boils at low temperature (below 
freezing), picking up heat from the track section and keeping 
the ice frozen on the surface of the concrete. The low-pressure 
vapor is returned to the refrigeration plant to a compressor 
that raises the pressure of the vapor. At this higher pressure, 

the condensing temperature is higher than the surrounding 
air temperature (e.g., 30°C), and the heat is given up to the 
surrounding air. During this process, the refrigerant again 
becomes a high-pressure liquid ready to start the process 
again.

Assumptions and Givens

One cubic meter is equal to 1,000 liters  •	
(1m3 = 1,000 L). 

A kilowatt (kW) equals 1 kJ/s. So 3600 kJ/hr equals 1 kW.•	

There are 60 seconds in a minute and 60 minutes in an •	
hour.

The density of liquid ammonia is •	 ρ = 631.8 kg/m3 for 
temperatures between 0°C and 20°C.

The gravity constant at this location is g = 9.81 m/s•	 2.

One 30-m long section of straight track is 2.2 m wide on •	
the inside with a 0.8-m high wall on each side. The top 
of each wall is capped with 15-cm of horizontal wall. 

The concrete frame is 15 cm thick and filled with  •	
12-mm diameter reinforcing steel in both directions, 
referred to here as ribs and rods. 

The ribs are spaced 150 mm apart and run the entire •	
width of the track cross-section. 

There are 33 longitudinal steel rods running the length of •	
the track section. 

Attached to the rebar (steel rods used to strengthen •	
concrete) are 36 parallel 25-mm diameter refrigerant 
pipes on a 120-mm spacing.
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Figure 3-1. Cross section view through track.

22. The quantity of thermal energy (kJ) that must be removed 
by the refrigerant to initially build the final thickness of 
ice in this section of track is closest to: 

 
a.	 80,400	 d.	 2,580,000	
b.	 2,260,000	 e.	 2,620,000
c.	 2,360,000

Additional Assumptions and Givens

The refrigeration system is sized to maintain an ice •	
temperature of –3°C even when the air temperature is 
24°C. This is accomplished by removing thermal energy 
at a rate equal to the heat gain.

The heat transfer coefficient (assuming a 12-km/hr wind) •	
is 22.7 W/m2-°K. 

The equation for heat gain is: •	

	 Q = U A (Ta – Ti )	 (3-2)

where,

Q = heat gain, watts
U = heat transfer coefficient, W/m2-°K
A = total exposed surface area of ice and concrete, m2

Ta = design air temperature, °C
Ti = design ice temperature, °C

23. The maximum rate of heat removed (kW) from this 
section of track by the refrigerant is closest to: 

a.	 5.1	 d.	 119	
b.	 11.3	 e.	 169
c.	 78.1

21. The net volume of concrete (m3) required to pour this 
section of the track is closest to: 

a.	 4.4	 d.	 19.1 
b.	 9.5	 e.	 19.8
c.	 13.8

Additional Assumptions and Givens

To form the initial ice layer at a temperature of  •	
–3°C, water at 4°C is sprayed on the concrete, which has 
been cooled by the –18°C refrigerant flowing through 
the pipes. 

Additional layers are added until the desired thickness is •	
achieved. The nominal thickness of ice on this section of 
track is 6 cm. 

The density, •	 ρ, of the ice is 917 kg/m3. 

The specific heat values for water and ice are  •	
4.18 kJ/kg-°K and 2.09 kJ/kg-°K respectively. 

The latent heat of fusion, h•	 fi, is 333.4 kJ/kg. 

The equation to determine the required energy that must •	
be removed by the refrigerant to build the ice is given by: 

	 Q = ρ V [Cpw (Tw – TF ) + hfi + Cpi (TF – Ti )] 	 (3-1)

where,

Q	 =	 thermal energy removed by the refrigerant (kJ)
ρ	 =	 density of the ice, kg/m3

V	 =	 volume of ice to be frozen, m3

Cpw	=	 specific heat of water, kJ/kg-°K
Tw	 =	 initial temperature of the water, °K
TF	 =	 temperature at which water freezes, °K
hfi	 =	 latent heat of fusion, kJ/kg
Cpi	 =	 specific heat of ice, kJ/kg-°K
Ti	 =	 final temperature of the ice, °K
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Additional Assumptions and Givens

Even though the refrigeration system is designed to • 
maintain the ice most of the summer, less capacity is 
needed during winter events when the air temperature is 
lower. 

Enthalpy is defined as a measurement of the energy • 
content of a system.

Under ideal competition conditions, it has been • 
calculated that a liquid refrigerant flow rate of 0.3 L/s to 
this section of track is required. 

To maintain the correct ice temperature of this section, • 
liquid ammonia at 5?C and an enthalpy of
hin = 223.2 kJ/kg enters the pipe loop in the section. 

The liquid ammonia picks up heat from the ice and boils • 
into a vapor, exiting the section as a vapor at –18?C with 
an enthalpy of hout = 1440.3 kJ/kg. 

The vapor returns to the compressor to begin the cycle • 
again.

The equation for refrigerant heat transfer is: • 

Q = ?  V (hout – hin ) (3-3)

where, 

Q = rate of heat transfer, kW
? = density of flowing fluid, kg/m3

V = volumetric flow rate of refrigerant, m3/s
hout= leaving vapor enthalpy, kJ/kg
hin = entering liquid enthalpy, kJ/kg

24. Under ideal competition conditions, the rate that thermal 
energy is removed (kW) by the refrigerant from this 
section of track is closest to: 

a. 22 d. 2,320
b. 231 e. 235,000
c. 365

Additional Assumptions and Givens

Each track section has two parallel evaporator zones (to • 
provide some refrigeration if one of the loops fails). 

Under ideal competition conditions, each zone receives • 
50 percent of the nominal refrigerant of 0.3 L/s to flow 
to this section. 

Under the same ideal competition conditions, the friction • 
loss through the first of 18 serpentine passes (each the 
full 30 m length) of 20-mm diameter pipe is given by:

H = f (L/D)(V2 / 2g) (3-4)

where,

H = friction loss, m
f = friction factor based on size and type of pipe. Use 0.03
L = length of pipe being analyzed, m
D = diameter of pipe, m
V = velocity of fluid through pipe determined from Q = VA, 

where
  Q = volumetric flow rate, m3/s
  A = cross-sectional area of the pipe, m2

g = nominal gravity constant, m/s2

25. The pressure loss (m) through the first pass in this section 
under ideal competition conditions is closest to: 

a. 0.52 d. 22
b. 2.1 e. 48
c. 7.2

Additional Assumptions and Givens

Static lift is defined as the vertical distance between the • 
pump and the top of the piping section that it must 
supply. 

The lowest point in this section of track is located 85 m • 
above the refrigeration room, and the liquid ammonia 
must be pumped to the top of the track section (which 
has a 10 percent grade). 

The pump selected has an efficiency of 74 percent when • 
pumping liquid ammonia. 

The horsepower of an electric pump motor is given by: • 

HP = (H Q ?  g) / (c ? ) (3-5)

where, 

HP = motor horsepower, HP
H = vertical distance between pump and top of track section 

head, m 
Q = volumetric flow rate of fluid, m3/s
? = density of flowing liquid, kg/m3

g = nominal gravity constant, m/s2

c = units conversion factor, 746 W/HP
? = pump efficiency, expressed as a decimal number 

between 0 and 1.0
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26. The pump horsepower (HP) required to provide static lift 
during ideal competition conditions is closest to: 

a.	 0.171	 d.	 2.82	
b.	 0.282	 e.	 64.3
c.	 0.296

Additional Assumptions and Givens

Each of the two storage tanks for ammonia measures •	
3.35 m in diameter by 8.54 m in length. 

At design conditions, the volume of each tank will be 80 •	
percent full of liquid ammonia at 20°C.

 

27. The total mass (kg) of liquid ammonia in both storage 
tanks at design conditions is closest to: 

a.	 36,700	 d.	 91,800	
b.	 45,900	 e.	 294,000
c.	 76,100

Additional Assumptions and Givens

Because ammonia is toxic at 25 parts per million in  •	
the air, the refrigeration building is continuously 
ventilated at 2.5 air changes per hour. (In other  
words, the volume of air in the building is completely 
replaced 2.5 times per hour.) 

The dimensions of the refrigeration building are  •	
30 m L x 10 m W x 5 m H. 

To reduce heat loss due to this ventilation, an air-to-air •	
heat exchanger system with a rated effectiveness of  
ε = 75 percent is used to transfer heat from the 
contaminated air leaving the top of the building to the 
outside air entering the bottom of the building. 

Typical inside and outside air temperatures are 18•	 °C and 
–10°C respectively. 

The equation to determine the rate of thermal energy •	
recovered is given by:

 
	 Q = ε V ρ Cp (T2 – T1) 	 (3-6)

where, 

Q	 =	 rate of thermal energy recovered, kJ/hr
ε	 =	heat exchanger effectiveness, a decimal number 

between 0 and 1.0
V	 =	volumetric flow rate of air, m3/h
ρ	 =	air density on the warm side, use 1.19 kg/m3

Cp	=	 specific heat of air, use 1.005 kJ/kg-K
T2	 =	 temperature of the warm air leaving, °C
T1	 =	 temperature of the cold air entering, °C

 

-10°C 

18°C 

28. The rate of energy recovery (kW) by the air-to-air heat 
exchanger under these typical conditions is closest to: 

a.	 7.4	 d.	 27,000	
b.	 26	 e.	 94,000
c.	 2,500

Additional Assumptions and Givens

Experiments prior to the design of this facility showed •	
that painting the gray concrete with white paint prior 
to building the ice surface would reduce the rate of 
refrigeration needed (and electric power to drive that 
refrigeration) by 12 percent. 

The installed compressor capacity, after factoring in this •	
reduction, is 1,400 tons of refrigeration.  
(A ton of refrigeration is equal to the rate of  
energy absorbed by melting a ton of ice over a 24-hour 
period.) 

With this system, it takes 0.8 kW of electric power to •	
produce 1 ton of refrigeration. 

The facility is designed to operate 24/7 for 42 weeks •	
each year, allowing 10 weeks each summer for scheduled 
maintenance. 
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The average annual capacity factor is 0.4, which means •	
that the actual average refrigeration rate is  
40 percent of the installed capacity. 

Since the region has abundant low-cost hydroelectric •	
power, the cost per kilowatt-hour (kWh) is only  
$0.03 (Canadian). 

29. The annual energy cost ($CAN/yr) to operate the track is 
closest to: 

a.	 $11,380	 d.	 $237,080	
b.	 $94,830	 e.	 $265,110
c.	 $118,520

Additional Assumptions and Givens

Another energy saving feature is to locate shades over •	
the track to reduce the solar heat gain to the track—
especially during summer operation. When doing this it is 
important to determine the sun angles to properly design 
and locate these shades. 

Our section of track runs from north to south at a  •	
10 percent grade (i.e., the bottom of this 30 m length of 
track is 3 m lower than the top of the track). 

At noon on a sunny day in December, the sun at this •	
latitude is 17° above the horizon. 

 

S N ??° 

17° 

3 m 

30 m 

30. The angle (°) between the sun and a line normal 
(perpendicular) to the surface of the track is closest to: 

a.	 67.3°	 d.	 101.3°	
b.	 73°	 e.	 112.7°
c.	 78.7°
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21. Answer: D 
 
 The cross-sectional area can be considered as three rectangles.   
  

The top one is: (2)(0.15 x 0.30)m = 0.09m  2 2

  
The vertical one is: (2)(0.15 x 0.80)m = 0.24m 2  2

  
The bottom is: (1)(0.15 x 2.2)m =0.33m  2 2

  
The total is: 0.66m  2

  
Multiplying by the length of 30m we get: (30m)(0.66m ) = 19.8m 3 . 2

  
From the 19.8m  volume we need to subtract the volumes of rods, pipes and ribs. 2

  
The steel ribs are spaced every 0.15m apart over the 30m length, so there is a total 

  
count of: 

 

 n = 
0.15m/rib

30m  = 200 ribs 

 
 Each rib is 4.1m length and 0.012m diameter. 
  

The gives a total rib volume of: 
 

 V 3
22

rib 0.09m
4

(4.1m))(0.012)(200)(3.14
4

))()(D(n)(
===

Lπ  

 
 The 33 longitudinal steel rods are each 30m in length and have a total volume of: 
 

 V 3
22

rod 0.11m
4

(30m)(0.012)(33)(3.14)
4

))()(D(n)(
===

Lπ  

 
 The refrigeration piping consists of 36 pipes that are 0.025m in diameter by 30m   

 
in length for a volume of: 

 

 V
2

3
refr

(36)(3.14)(0.025) (30m) 0.53m
4

= =  



 
 V  = 19.07 m3333 53.011.009.08.19 mmmmconcrete −−−= 3

 
22. Answer: D 
 
 The cross-sectional area of  the ice can be considered as three rectangles: 
 
 The top one is:  (2)(0.30 x 0.06) = 0.036m  2

 
 The vertical one is: (2)(0.80 x 0.06) = 0.096m  2

 
 The bottom one is: (1)(2.2 x 0.06) = 0.132m  2

 
 The total is: 0.264m  2

 
 The total volume of 0.06m thick ice in the 30m long section of track is equal to: 
 
 V = (30m)(0.264m  = 7.92m 2  )2

  
 The quantity of thermal energy to be removed by the refrigerant is calculated as: 
 
 Q = pV[ ]w w F fi i F icp (T T ) h (T T )cp− + + −  
 
 where, 
 
 ρ = 917 kg/m  3

  
cp  KkJ/kg4.18 o

W −=
  

cp  KkJ/kg2.09 o
i −=

  
T  K2772734 o

W =+=
  

T  K

K

273o
F=

  
h  kJ/kg333.4fi=

  
T  2702733 o

i =+−=
  

Q = (917)(7.92) [ ]270273)(09.2(4.333)273277(18.4 −++− = 
 

= 2,588, 332.27 kJ 



 
23. Answer: E 
 
 The total exposed area of ice and concrete is the same  
 

Length = 30cm + 30cm + 0.8m + 0.8 + 2.2m = 4.4m 
 

 A  2
1 132mm)(4.40m)(30 ==

  
A  2

1total 264m2A ==
 

 The area of the two 0.21m edges of concrete plus ice times the 30m length should 
 also be added to the total. 
  

A = A  222
total 276.6m12.6m264mm)(2)(0.21m)(30 =+=+

  
The equation for heat gain is: 

  
Q = (U)(A)(T  )Tia −

 
 where, 
 
 U = 22.7 W/m Ko2−  
  

T  C24o
a =

  
T  C3o

i −=
 
 Therefore, 
 
 Q = (22.7)(276.6) [ ] )3(24 −−
  

    = 169,528.14 W 
             

    = 169.5 kW 
 
24. Answer: B 
 
 The rate at which thermal energy is removed is given by: 
 
 Q = ρV(h  )h inout −
 
 where, 
 



 ρ = 631.8  kg/m  3

  
V = 0.3 liters/s = 0.3x10  /sm33−

  
h   kJ/kg 1,440.3out =

  
h   kJ/kg 223.2in =

 
 Therefore, 
 
 Q = (631.8)(0.3x10  )2.2233.440.1)(3 −−

  
    = 230.69 kW 

 
25. Answer: A 
 
 Pressure loss through the first pass: 
 
 H = f (L/D)(V  )/2g2

 
 where, 
 
 f = 0.03 
 

g = 9.81 m/s  2

  
L = 30m 

  
D = 20mm = 2.0x10 m2−  

  

V = [ ] 22

3

2 )100.2)(14.3(
)4)(1015.0(

/4m)(3.14)(20m
/s)(50%)(0.3

A
Q

−

−

==
x

xl  

  
    = 0.477 m/s 

 
 Therefore, 
 
 H = (0.03) [ ][ ])81.92/()477.0()100.2/()30( 22 xx −  
             

    = (0.03)(1,500)(0.2275)/(19.62) 
             

    = 0.522m 
 
 



26. Answer: C 
 
 The total vertical height from the bottom of the section to the top is: 
 
 85m + [ ]  88m30mx10% =
 
 Q = 0.0003 m  5/3

 
 ρ = 631.8 kg/m  3

 
 g = 9.81 m/s  2

 
 c = 746 W/HP 
  

n = 0.74 
 
 Therefore, 
 

 HP = 
0.74)(746W/HP)(

))(9.81m/sg/m/s)(631.8k03m(88m)(0.00 233

 

       = 0.296 HP 
 
27.   Answer: C 
 
 The volume of each tank is given by: 
 

 V = 
4

LπD2

 

     = 
4

(8.54m)5m)(3.14)(3.3 2

 

     = 75.2 m 3  
 
 There are two tanks and both are 80% full of liquid for a total volume of: 
 
 V = 2(75.2m  33 120.4m)(0.80) =
 

Mass = (ρ)  V)(⋅
 

                      = (631.8 kg/m  ))(120.4m33

 
                      = 76,053 kg 
 
 
 



28. Answer: B 
 
 The volume of the building is given by: 
 
  (30m)(10m)(5m) = 1,500 m 3  
 
 The air is completely replaced 2.5 times/hr.  
 
 The total hourly volumetric flow rate is: 
 
  V = (1,500 m times/hr) 5.2)(3

 
                            = 3,750 m hr. /3

 
 The rate of energy recovery by the air-to-air heat exchanger is given by: 
 
 Q = ( [ ]p 2 1)(V)( )(C ) T T ,ε ρ −  
 
 where, 
 
 ε  = 0.75 
 
  ρ = 1.19 kg/m  3

 
  V = 3,750 m hr /3

 
  C  KkJ/kg1.005 o

p −=
 
  T 18  C

C

o
2=

 
  T  10o

1 −=
 
  Q = (0.75)(3,750)(1.19)(1.005)[18-(-10)] 
 

 Q = 94,181 kJ/hr = 94,181 kJ/hr
3,600 s/hr

 = 26.16 kW 

 
29. Answer: B 
 
 To produce 1,400 tons of refrigeration requires: 
 
  (1,400 tons)(0.8 kW/T) = 1,120 kW of electric power. 
 
 The system operates on average at 40% of that load: 



 
  (1,120 kW)(0.40) = 448 kW 
 
 The operating hours per year are: 
 
  (24 hr/day)(7 days/week)(42 weeks/yr) = 7,056 hr/yr. 
 
 Therefore, the annual electric usage is: 
 
  (448 kW)(7,056 hr/yr) = 3,161,088 kWh/yr. 
 
 The cost per kWh in Canada is CAN $0.03 
 
 So the total annual cost is: 
 
 (3,161,088 kWh/yr)(CAN $0.03/kWh) = CAN $94,832/yr 
 
30. Answer: A 
 
 The slope angle of the track is: 
 

  arctan o3m arctan 0.1 5.7
30m

= =  

 
 Therefore, the angle between the sun and the normal to the surface of the track is: 
 
  17  

oo oAngle 5.7 90+ + =
   
  Angle = 90  ooo 5.717 −−
                         
                                   = 67.3  o

  
 (Please note that angles with perpendicular sides are congruent). 
 
  
 
 
 
  
 
  
  
 


