AP Physics 13: Heat
Name __________________________

A.
Heat

1.
heat, internal energy and temperature

a.
internal energy (U) is the sum of bond energy, energy of position and kinetic energy.

b.
temperature (T) is related to the kinetic energy per mole of molecules (K = 3/2RT)

c.
heat (Q) is the transfer of internal energy (U) from one body to another (we will limit our discussion to heat transfer from a high temperature body to a low temperature body)
2.
laws governing heat transfer (thermodynamics)

a.
If bodies are at the same temperature, there is no heat transfer between them 

b.
heat naturally flows from hotter to cooler body until two bodies reach the same temperature 

1.
internal energy—U: –Uhot + Ucold = 0
2.
entropy—S = Q/T: -Q/Thot + Q/Tcold > 0
c.
heat flow, Qin = U + Wout 

1.
U: change in internal energy

2.
Wout: work done as body expands (gases)

3.
conservation of energy principle

4.
rate of heat flow: Qin/t  A(TH – TL)/L
a.
A: exposed surface area

b.
TH – TL: outside/inside temperatures

c.
L is thickness 

5.
2 modes of heat flow

a.  
conduction: heat transfer through elastic collisions from hot atoms to cool atoms

b.
radiation: hot molecules emit photons


E = hf (human body glows infrared)

6.
convection: fluids move between hot and cold locations because of pressure/density differences (convection currents)

3.
thermal expansion of solids: L = LoT
4.
measuring heat flow

a.
liquids and solids (Wout  0)

1.
Q = U = mcT 

a.
specific heat, c, is property of material (water = 4180 J/kg•K)

b.
T can be in oC or K
2,
hot object added to cool fluid: Qhot = Qcold
mhotchot(Thot – Tfinal) = mcoldccold(Tfinal – Tcold)


3.
"rate of heat flow": power, P = Q/t
b.
monatomic gas

1.
constant volume (Wout = 0): Qin = U = 3/2nRT
2.
constant pressure (Wout  0)

a.
Wout = PV = nRT
b.
Q = Uin + Wout 


Q = 3/2nRT + 2/2nRT = 5/2nRT
B.
Heat Engines

1.
PV diagram (monatomic gas)

a.
heating a gas changes pressure and/or volume

b.
work is done when volume changes

c.
useful formulas:

1.
PV = nRT T = PV/nR)
2.
U = 3/2nRT = 3/2PV or 3/2PV
3.
Win = –PV
4.
U = Qin + Win
d.
idealized processes on PV diagram for a gas
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e.
interpretation of graphs                                                          

1.
move away from origin  +T and +U
2.
move toward y-axis (compression)  +Win 

3.
area under the curve = -Win 

f.
Summary calculations for each process

	Process
	T (T2 – T1)
	U      =       Qin      +      Win

	Isometric  

(V = 0)
	PV/nR
	3/2PV
3/2nRT
	= U
	0

	Isobaric 

(P = 0)
	PV/nR
	3/2PV
3/2nRT
	U – Win
	–PV

	Isothermal  

(T = 0)
	0
	0
	= -Win 
	= -Qin

	adiabatic 

(Q = 0)
	
	= Win
	0
	= U


2.
heat cycle 
a.
ideal system takes a body of gas through a complete cycle where U = 0
[image: image1.emf]
b.
solving heat cycle problems

	· determine T at each state

· determine Qin, Win and U for each process 

· isometric, Isobaric, use above formulas 

· Isothermal, adiabatic, use given values

· missing values, use:

· for any step: U = Qin + Win 

· for cycle: T = U = 0, Qin – Qout = Wout – Win


c.
ideal "Carnot " efficiency: ec = (THigh – TLow)/THigh 

d.
first law efficiency: e = |Wout – Win|/Qin  

Waste = Qin(1 – e)
e.
heat engine vs. heat pump

1.
heat engine takes in heat to perform work 


P

                – Area 
             Win = QL – QH
                                          

                                                                  V


heat engine expands at TH, contracts at TL

 Win < 0 (work is done by the engine)

2.
heat pump uses work to remove heat


P

                 + Area 
             Win = QH – QL
                    

                                                                   V


heat pump expands at TL, contracts at TH 


 Win > 0 (work is done to the refrigerator)

	







	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	


Experiments
1.
Calorimetry lab: add a piece of boiling hot lead to a cup of water, measure the changes in temperature, calculate the specific heat of lead and compare it to the standard. 

a.
Collect the following data.

	Lead Coil
	Water

	m (kg)
	To
	Tf
	m (kg)
	To
	Tf

	
	100oC
	
	
	
	


b.
Calculate the following from the data.

	
	Formula
	Calculation

	TPb
	T = Tf  – To
	

	TH2O
	T = Tf  – To
	

	QPb
	QPb = |QH2O = mcT|
	

	cPb
	QPb = mcT
	


c.
Determine the percent difference between your calculated value and the true value (cPb = 130 J/kg•K).

	


Practice Problems
A.
Heat
Questions 1-10 Briefly explain your answer.

1.
Two objects are made of the same material, but have different masses and temperatures. If the objects are brought into thermal contact, which one will have the greatest change in temperature?
(A)
the one with the higher initial temperature

(B)
the one with the lower initial temperature

(C)
the one with the greater mass

(D)
the one with smaller mass
	
	


2.
Two different objects receive the same amount of heat. Which of the following choices is NOT a reason why the objects may have different changes in temperature?

(A)
they have different initial temperature


(B)
they have different mass


(C)
they have different specific heat

	
	


3.
Two equal-mass liquids, initially at the same temperature, are heated for the same time over the same stove. You measure the temperatures and find that one liquid has a higher temperature than the other. Which liquid has a higher specific heat?

(A)
cooler one
(B)
hotter one
(C)
tie
	
	


4.
The specific heat of concrete is greater than that of soil. A baseball field and the surrounding parking lot are warmed up during a sunny day. Which would you expect to cool off faster in the evening when the sun goes down?

(A)
field
(B)
lot
(C)
tie
	
	


5.
Water has a higher specific heat than sand. Therefore, on the beach at night, breezes would blow

(A)
from ocean to beach
(B)
from beach to ocean

	
	


6.
1 kg of water at 100oC is poured into a bucket that contains 4 kg of water at 0oC. Find the equilibrium temperature (neglect the influence of the bucket).

(A)
10oC
(B)
20oC
(C)
50oC
(D)
80oC

	
	


7.
A 1-kg block of silver (c = 234 J/kg•K) is heated to 100oC, then dunked in a tub of 1 kg of water (c = 4186 J/kg•K) at 0oC. What is the final equilibrium temperature?

(A)
< 50oC
(B)
50oC
(C)
> 50oC

	
	


8.
Given your experience of what feels cooler when you walk on it, which surface has the higher thermal conductivity?

(A)
rug


(B)
tile


	
	


9.
Two drinking glasses are stuck, one inside the other. How would you get them unstuck?

(A)
run hot water over them both

(B)
run hot water over the inner glass

(C)
run hot water over the outer glass

	
	


10.
What happens to a hole in a sheet of metal that is heated?

(A)
expand


(B)
contract


	
	


11.
Write the words that are defined below.

	
	is the total energy of a body

	
	measures the "warmth" of an object

	
	is transferred between two bodies at different temperatures


12.
Fill in the missing word about heat transfer.
	
	When two objects are the same temperature __ heat is transferred

	
	When heat is transferred to a system, it either increases the systems __ or the system performs __

	
	When two objects are at different temperatures, heat naturally flows from the __object to the __ object.


13.
Write the form of heat flow described below.

	
	Energy transfer through collisions

	
	Photons are emitted from hot objects

	
	Hot fluid moves to cooler location


14.
What factors affect the rate that heat is conducted through a piece of glass?

	


15.
Write the form of heat transfer that is reduced by the following home construction elements.

	
	Double-paned windows

	
	Overhangs along the south side

	
	Weather striping around windows and doors


16.
A 20-cm long bimetal strip of brass ( = 19 x 10-6 oC-1) and aluminum ( = 26 x 10-6 oC-1) is heated from 22oC to 150oC.  How much longer is the aluminum side?
	


17.
Why is the formula, Q = mcT, used for solids and liquids, but not gases?

	


18.
How much heat is needed to raise the temperature of 100 g of lead (c = 130 J/kg•K) from 20oC to 25oC?

	


19.
120 g of an alloy is heated to 200oC then placed in 500 g of 25oC water (c = 4200 J/kg•K) contained in a 200 g aluminum cup (c = 900 J/Kg•K).  The final temperature is 31.5oC.  What is the specific heat of the alloy? 
	


20.
How much time will it take to raise the temperature of 500 mL of water from 22oC to 100oC using a 750 W heater?

	


22.
What is the diameter of a hole cut in steel 
( = 12 x 10-6 oC-1) when it is heated to 600oC if it is 0.1000 m at 20oC?

	


23.
How much heat is needed to raise the temperature of a 2-kg aluminum (c = 900 J/kg•K) vat filled with 20 kg of alcohol (c = 2400 J/kg•K) from 10oC to 75oC?
	


24.
What is the final temperature when 150 cm3 of 75oC water (c = 4200 J/kg•K) is added to a 50-g Al (c = 900 J/kg•K) cup at 25oC?
	


B.
Heat Engines
25.
What is the change in internal energy of a system if 2000 J of heat is added to the system and the system does 1000 J of work to the system?
  

	


26.
How much heat is added to one mole of helium for each of the following?

a.
Isometric change from 200 K to 400 K.
	


b.
Isobaric change from 200 K to 400 K.
	


c.
Isothermic change that does 1000 J of work to the gas.
	


d.
Adiabatic change that does 1000 J of work to the gas.

	


27.
The temperature of 0.0010 m3 of He ( = 0.179 kg/m3) is increased from 250 K to 750 K at constant volume.

a.
How many moles of helium are heated?
	


b.
How much heat is required?

	


c.
How much power is needed to heat the helium in 1 s?
	


28.
Which process (isobaric, isothermic, or adiabatic) would use the least amount of work to compress a gas?  Explain.

	


29.
The initial conditions for 1 mole of monatomic gas are 

0.10 m3 and 1.0 x 105 Pa.

a.
What is the temperature of the gas?

	


b.
The gas pressure is doubled isometrically.

(1)
What is the new temperature?

	


(2)
How much work is done to the gas, Win?

	


(3)
How much heat did the gas absorb?

	


(4)
What is the change in internal energy, U?

	


c.
The gas is returned to its initial condition and then its volume is doubled isobarically.

(1)
What is the new temperature?
	


(2)
How much work is done to the gas, Win?

	


(3)
How much heat did the gas absorb?
	


(4)
What is the change in internal energy, U?
	


d.
The gas is returned to its initial condition and then 

1.0 x 104 J of heat is added to the gas isothermically.  
(1)
What is the new temperature?

	


(2)
How much work is done to the gas, Win?

	


(3)
What is the change in internal energy, U?

	


e.
The gas is returned to its initial condition and then the 1.0 x 104 J of work is done to the gas adiabatically.  
(1)
How much heat did the gas release?

	


(2)
What is the change in internal energy, U?
	


f.
Graph each change described in parts b-e below.

	
	2 Po
	
	
	
	
	

	
	
	
	
	
	
	

	
	Po
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	Vo
	2 Vo



g.
Complete the chart for the processes b-e by indicating whether the value is +, – or 0 (unchanged)
	Process
	U
	Qin
	Win

	isometric (b)
	
	
	

	isobaric (c)
	
	
	

	isothermic (d)
	
	
	

	adiabatic (e)
	
	
	


30.
Answer the questions for the Isothermal-adiabatic cycle in your notes (B2).  

a.
Starting from point a, indicate in the diagram whether the change +, –, or 0 (unchanged).

	Process
	T
	U   =   Qin  +   Win

	1.
Isothermal expansion
	
	
	
	

	2.
Adiabatic expansion
	
	
	
	

	3.
Isothermal compression
	
	
	
	

	4.
Adiabatic compression
	
	
	
	

	
Change
	
	
	
	


b.
Check the appropriate step.
	
	1
	2
	3
	4

	generate power for the heat engine
	
	
	
	

	heat gained to the system
	
	
	
	

	heat lost by the system
	
	
	
	


c.
What does the region enclosed by the cycle represent? 

	


31.
One mole of gas is initially at point A (100 kPa, 0.01 m3).  The gas is heated at constant volume until it reaches point B (200 kPa), and then expands at constant pressure to point C (0.02 m3).  Heat is removed at constant volume to point D (100 kPa), then contracts at constant pressure to point A.

a.
label points A, B, C and D.
                    P (kPa)
	200 
100 
	
	
	

	
	
	
	

	
	
	
	


                 0.01              0.02                 V (m3)
b.
What are the temperatures at each point?
	A
	

	B
	

	C
	

	D
	


c.
Complete the chart by calculating each value.

	Step
	         U          =          Qin          +           Win             

	A  B
	
	
	

	B  C
	
	
	

	C  D
	
	
	

	D  A
	
	
	

	Change
	
	
	


d.
Why must the change in Qin + Win = 0?

	


e.
Calculate the area inside the box diagram?

	



f.
Determine the first law efficiency?

	


g.
Determine the Carnot efficiency?

	


32.
An ideal gas undergoes a cyclic process as shown on the graph of pressure P versus volume V.
[image: image2.wmf]
Indicate in the chart whether the change is positive (+), negative (–), unchanged (0), or can't tell (?).
	Process
	T
	    U        =       Qin       +        Win             

	A  B
	
	
	
	

	B  C
	
	
	
	

	C  D
	
	
	
	

	D  E
	
	
	
	

	E  A
	
	
	
	

	Change
	
	
	
	


33.
A power plant generates 120 MW (1.2 x 108 J/s) of electricity at 40% efficiency.  Determine

a.
The electric energy generated in 1 hour.
	


b.
The energy supplied to the power plant in 1 hour.
(Hint: electric output = work)
	


c.
Heat discarded by the power plant.
	


d.
The change in temperature of 1 x 108 kg of water (c = 4200 J/kg•K) that absorb all the discarded heat in 1 hr.
	


34.
What is U for an isothermic process?
	


35.
How is work represented on a PV diagram?

	


36.
Which process would require the most work to double the volume of a gas, isothermic, adiabatic or isobaric?

	


37.
How much work is done on 0.30 moles of gas during an adiabatic expansion that drops the temperature from 1150 K to 400 K?

	


38.
1 mole of an ideal gas, initially at 273 K, is heated at a constant pressure of 2 x 105 Pa until the volume doubles.  Determine the 

a.
initial volume of the gas (R = 8.31 J/mol•K).
	


b.
work done to the gas during the expansion.

	


c.
change in internal energy of the gas.
	


d.
Heat added to the gas.

	


39.
One mole of gas initially at point A (50 kPa, 0.01 m3), increases pressure isometrically to point B (100 kPa), then expands isothermically to point C (0.02 m3), and finally is compressed isobarically to point A.  The work done by the gas during one cycle is 200 J.
a.
Sketch the heat cycle.
	P (kPa)

100

50
	
	
	

	
	
	
	

	
	
	
	


                 0.01              0.02                 V (m3)
b.
What are the temperatures at each point?
	A
	

	B
	

	C
	


c.
Complete the chart.

	Step
	         U          =          Qin          +           Win             

	A  B
	
	
	

	B  C
	
	
	

	C  A
	
	
	

	Change
	
	
	


d.
In which step is work done to the gas?  

	


e.
What is the total heat added to the gas?

	


f.
How much heat is exhausted during one cycle?

	


g.
Determine the first law efficiency?

	


h.
Determine the Carnot efficiency?

	


40.
An ideal gas undergoes a cyclic process as shown on the graph of pressure P versus volume V.
[image: image3.wmf]
Indicate in the chart whether the change is positive (+), negative (–), unchanged (0), or can't tell (?).
	Process
	T
	    U        =       Qin       +        Win             

	X  Y
	
	
	
	

	Y  Z
	
	
	
	

	Z  X
	
	
	
	

	Change
	
	
	
	


41.
A engine operates at an input temperature of 1000 K while producing 1000 J of useful work per hour.  The engine has a Carnot efficiency of 30 % and a first law efficiency of 20 %.

Determine the  

a.
input heat used each hour.


	


b.
exhaust heat produced each hour.
	


c.
exhaust temperature.
	


Practice Multiple Choice

Briefly explain why the answer is correct in the space provided.

1. 
A square steel plate with 1.00 m long sides has a hole in its center 0.100 m in diameter. If the plate is heated until its sides become 1.01 m long, the diameter of the hole will be 

(A)
0.090 m
(B)
0.099 m
(C)
0.100 m
(D)
0.101 m

	
	


2. 
Which of the following statements is NOT a correct assumption of the classical model of an ideal gas? 

(A)
The molecules are in random motion. 

(B)
The volume of the molecules is negligible compared with the volume occupied by the gas. 

(C)
The molecules obey Newton's laws of motion. 

(D)
The collisions between molecules are inelastic.

	
	


3. 
If the gas in a container absorbs 275 joules of heat, has 125 joules of work done on it, and then does 50 joules of work, what is the increase in the internal energy of the gas? 

(A)
100 J 
(B)
200 J
(C)
350 J
(D)
400 J

	
	


4. 
The temperatures on each side of a window 


with area A and thickness d are T2 and T1, 


respectively.  Increasing which of the 


following would decrease the rate that 


heat is conducted through the glass? 

(A)
T2 – T1 only
(B)
d only 

(C)
A only 
(D)
A and T2 – T1 

	
	


Questions 5-6 A 1.5-kg piece of metal (c = 200 J/kg•K) and initial temperature of 100oC is dropped into an insulated jar that contains 3.0-kg of liquid (c = 1,000 J/kg•K) and initial temperature of 0oC.  The piece of metal is removed after 5 s, at which time its temperature is 20oC. 

5. 
The temperature of the liquid after the metal is removed is 

(A)
0oC
(B)
4oC
(C)
8oC
(D)
10oC

	
	



6. 
The average rate at which heat is transferred while the piece of metal is in the liquid is 

(A)
4,000 J/s
(B)
4,800 J/s

(C)
6,000 J/s
(D)
9,600 J/s

	
	


Questions 7-8 An ideal gas initially at temperature To, pressure Po, and volume Vo is compressed to one-half its initial volume.  The process may be adiabatic (process 1), isothermal (process 2), or isobaric (process 3). 

7. 
Which process does the most mechanical work on the gas?

(A)
1
(B)
2
(C)
3
(D)
all the same

	
	


8. 
Which process results in the highest temperature? 

(A)
1
(B)
2
(C)
3
(D)
all the same

	
	


9. 
Which is always a characteristic of an adiabatic process? 

(A)
The temperature does not change (T = 0). 

(B)
The pressure does not change (P = 0). 

(C)
The internal energy does not change (U = 0). 

(D)
No heat flows into or out of the system (Q = 0). 

	
	


10. 
An engine absorbs 100 J of heat and exhausts 60 J.  What is the efficiency of the engine? 

(A)
40 %
(B)
60 % 
(C)
67 % 
(D)
150 % 

	
	


11. 
The maximum efficiency of a heat engine that operates between temperatures of 1500 K in the firing chamber and 600 K in the exhaust chamber is most nearly 

(A)
33 %
(B)
40 %
(C)
60 %
(D)
67 %

	
	


12. 
Three identical samples of an ideal gas are taken from initial state I to final state F along the paths IAF, IF, and IBF.

Which must be true? 

(A)
The work done by the gas is the same for all paths. 

(B)
The heat absorbed by the gas is the same for all paths. 

(C)
The change in internal energy is the same for all paths. 

(D)
The expansion along path IF is isothermic. 

	
	


Questions 13-14 A thermodynamic system is taken from an initial state X along the path XYZX. 

[image: image4.wmf]
13. 
Which is negative for the process XY? 

(A)
Qin 
(B)
Win
(C)
U
(D)
Qin and U
	
	


14. 
For which is U negative? 

(A)
XY 
(B)
YZ
(C)
ZX
(D)
XYZX
	
	


Questions 15-16 An ideal gas undergoes the process below.
[image: image5.wmf]
15. 
During which process is no work done on or by the gas? 

(A)
AB
(B)
BC
(C)
CD
(D)
DE
	
	


16. 
At which point is the gas at its highest temperature? 

(A)
A 
(B)
B 
(C)
C
(D)
D
	
	


17. 
A block (c = 100 J/kg•K) falls 100 m.  If half of the potential energy lost by the fallen block is converted to internal energy, the temperature change of the block is most nearly 

(A)
1 K 
(B)
5 K
(C)
10 K
(D)
25 K

	
	


Questions 18-20 A cylinder with a movable piston contains 0.1 mole of a monatomic ideal gas.  The gas, initially at state a, can be taken through either of two cycles, abca or abcda.  The following information is known about this system.

(1)
For path c  a: Qin = 685 J

(2)
For path c  a: Win = -120 J

(3)
For path a  b: U = -450 J

(4)
For path b  c: Win = 75 J 

Use the following options. 

(A)
565 J
(B)
805 J
(C)
450 J
(D)
150 J
18.
What is U for the path c  a? 

	
	


19.
How much heat is removed for the path a  b?

	
	


20.
How much work is done in the process c  d  a?

	
	


Practice Free Response
1. 
A 0.6-kg object at 100oC is dropped into a 0.1-kg container

(c = 840 J/kg•K) that holds 0.2 kg of water (c = 4190 J/kg•K) at 20oC.  The system reaches an equilibrium temperature of 50oC.  Determine

a.
the heat gained by the water.

	


b.
the heat gained by the glass container.

	


c.
the heat lost by the metallic object.

	


d.
the specific heat of the metallic object.

	


2.
A 0.025 m3 vessel contains 1 mole of argon gas (M = 0.040 kg/mol) at 400 K.  Determine  

a.
the pressure.

	


The gas is heated at constant pressure to a volume of 0.055 m3.  Determine 

b.
the work (Win) done during the expansion.

	


c.
the change in internal energy of the gas.

	


d
the heat added to the gas.

	


e.
the final temperature of the gas.

	


3. 
The cylinder contains 2.2 kg of water vapor initially at a volume of 2.0 m3 and an absolute pressure of 3.0 x 105 Pa.  This state is represented by point A in the PV diagram.  
a.
Calculate the temperature of the water vapor at point A.
	


The absolute pressure of the water vapor is increased at constant volume to 4.0 x 105 Pa at point B, and then the volume of the water vapor is increased at constant pressure to 2.5 m3 at point C, as shown in the PV diagram.

[image: image6.emf]
b.
Calculate the temperature of the water vapor at point C.
	


c.
Does the internal energy of the water vapor for the process A  B  C increase, decrease, or remain the same?  Justify your answer.
	



d.
Calculate the work done on the water vapor for the process A  B  C.
	


4.
A 0.03 mol sample of helium is taken through the cycle shown in the diagram.  

[image: image7.emf]
a.
Determine the

(1)
temperature at point C.

	


(2)
the volume at point C, VC.

	


b.
Complete the chart.


	U
	Qin
	Win

	
	
	

	
	
	

	
	
	

	
	
	


5.
A 0.20 m diameter cylinder fitted with a frictionless piston, initially fixed in place.  The cylinder contains 2.0 moles of nitrogen gas at an absolute pressure of 4.0 x 105 Pa.
a.
Calculate the force that the nitrogen gas exerts on the piston. 

	


b.
Calculate the volume of the gas if the temperature of the gas is 300 K. 

	


c.
In a certain process, the piston is allowed to move, and the gas expands at constant pressure and pushes the piston out 0.15 m.  Calculate how much work is done by the gas. 

	


d.
Which of the following is true of the heat energy transferred to or from the gas, if any, in the process in part (c)? 

I 
Heat is transferred to the gas. 

II 
Heat is transferred from the gas. 

III 
No heat is transferred in the process. 
Justify your answer. 

	


























