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CHAPTER I: Reactor design 

Basis: the fundamental physical and chemical law, such as the laws of conservation of mass, 

energy and momentum. 

I. Mathematical models: 

Uses and phases of mathematical models 

Mathematical model in chemical engineering, set of mathematical equations that 

describe every phenomena that takes place in the system, and the set of simplifying 

assumptions that can be use to solve the equations. The assumptions made should be carefully 

considered, and listed. They should be kept in mind, because they impose a limitation on the 

model, and must be remembered when evaluating the result to be predicted. 

Mathematical consistency of a model: 

- Check that the number of variables equals the number of equations. That is, verify that 

the degree of freedom should be zero. 

I.1 Fundamental law (physical and chemical laws) 

Examples 

Continuity equations 

- Total mass balance 

(Mass flow into system) – (mass flow out of system) = (time rate of charge of mass inside the 

system) ………………………………… (1) 

 

Units equation: mass / time 

Also, total derivative is used because P and V are functions of time only. the application of 

the mass balance depends on the type of reactor. Similar equation can be written for the 

energy. 

𝐹0𝑃0 − 𝐹𝑃 =
𝑑

𝑑𝑡
(𝑃𝑉) ………………. (2) 

                       (Time rate of change of PV) 
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I.2- Component continuity equation (component balance) 

Components are not conserved, unlike mass. For a reaction in a system, the number of 

moles of one component may increase, while that of another decrease  

Hence, 

(Flow of moles of jth component into system)-(flow of moles of jth component out of system) 

+ (rate of formation of moles of jth component from chemical reaction) = (time rate change of 

moles of jth component inside system)……………………………… (3) 

Units: mole of V per unit time 

Similar equations can be written for the energy balance 

Reactor design 

Required parameters for a reactor 

- Size of reactor 

- Type of reactor 

- Method of operation for a given job 

Example 

The rate equation for a reacting component i in a given environment is a function of 

the conditions in the environment. 

𝑟𝑖 =
1

𝑉
(

𝑑𝑁𝑖

𝑑𝑡
) = 𝐹(𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠 𝑤𝑖𝑡ℎ𝑖𝑛 𝑡ℎ𝑒 𝑟𝑒𝑔𝑖𝑜𝑛 𝑜𝑓 𝑣𝑜𝑙𝑢𝑚𝑒 𝑣) ………………(4) 

Equation (4) is a differential equation; it has to be integrated to obtain the variation with 

variation, as well as time. 

ri is the rate of formation or disappearance of component i. 

Factors that may affect the solution; and thus pose difficulties: 

- Temperature and composition of reacting fluid may vary from point to point with the 

reactor : depending on whether the reaction is endothermic or exothermic 

- The rate of heat addition or removal from the system 

- The actual geometry of the reactors, and it determine the path of the fluid 

The best way of handling these factors is the main problem in reactor design. 

II- Types of reactors of homogeneous reactions 

- Batch reactor 

- Steady – state flow reactor 

- Unsteady – state flow (semi – batch) reactor 

Features and main areas of application: 
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II.1- Batch reactor 

- Simple 

- Needs little supporting equipment 

- Ideal for small – scale experiments on reaction kinetic 

- In industry, it is used when relatively small amount of products are to be produced 

- Composition changes, but volume remains constant. 

II.2- Steady – state flow reactor 

- Ideal for industrial purposes, when large quantities of a material are to be processed 

- When the rate of reaction is fairly high 

- Needs much supporting equipment 

- It is widely used in industry 

- Volume in reactor is constant, but composition changes with time. 

- Composition at any point unchanged with time 

II.3- Semi – batch reactor 

- More flexible, but very difficult to model 

- Offer good control of reaction speed because the reaction proceeds as reactions are 

added. 

 

Mathematical models 

a) CSTR (continuous stirred tank reactor) 

This is an example of a continuous flow reactor. 

(i) Without chemical reaction 
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K 

𝐾1 𝐾2 

The liquid is perfectly mixed, so the density is the same everywhere in the tank ie it does 

not vary with radial or axial position, implying that there are no spatial gradients in 

density. 

 Total mass balance: see equation (2). 𝐹𝑜𝑃𝑜 − 𝐹𝑃(𝑡) =
𝑑

𝑑𝑡
(𝑃(𝑡) − 𝑉(𝑡))……(2) 

(2i) consider that in the perfectly mixed tank a chemical reaction takes place. 

A                           B;  −𝑉𝐴 =
𝑑𝐶𝐵

𝑑𝑡
= 𝐾𝐶𝐴 

ie A is irreversibly converted to B. let CAO  be the concentration of A in the feed stream, and 

CA the concentration in the reactor. 

The rate of reaction A in proportional to its concentration in the tank 

 

Component balance: 

Flow of A into reactor = FOCAO 

Flow of A out of reactor =  FCB 

Rate of formation of A from reaction −VKCA (−Ve sign because A is consumed)  

Time rate of charge of A in reactor =  
d

dt
(VCA) …………………………..…………… (5) 

Component balance for A: 

(moles of A in) – (moles of A out) + (rate of formation of A in system) = (time rate of change 

of A in reactor) 

F0CA0 −  FCA −  VKCA =  
d

dt
 (VCA) ……………………………………….…..……….. (6) 

Similar for B: 
d

dt
(VCB) =  F0CB0 −  FCB +  VKCA …………..…………….…………… (7) 

Total mass balance 

d

dt
(PV) =  F0P0 −  FP ……………………………………………………….…..………. (8) 

And mACA +  mBCB = P …………………………………………………….…….…… (9) 

Example 2: 

Suppose that in the above situation, the reaction taking place is 

A                                      B                                   C 
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Assuming first order reaction rates equations then, the component balances are: 

d

dt
(VCA) =  F0CA0 −  FCA +  VK1CA ……………………………………….…………. (10) 

d

dt
(VCB) =  F0CB0 −  FCB +  VK1CA −  VK2CB …………………………….…………. (11) 

d

dt
(VCC) =  F0CC0 −  FCC +  VK2CC ………………………………….…….…………. (12) 

And component concentration relation: 

∑ mjcj = PC
j=A  ………………………………………………………………..…………. (13) 

II.4- Tubular reactor 

It is also a continuous flow reactor. 

Suppose that: 

- The tube has a constant diameter 

- The flow through it is turbulent, hence, plug flow; 

- There are no radial gradients in velocity or any property 

- Axial gradients in properties can exist 

That is, the density and velocity can change as the fluid flows along in the axial direction, 

hence, the independent variable are time (t) and position (z) 

=≫ P = P(z, t) and UV = uv(z, t) (ie velocity) 

 

Application of total continuity equation to the shown (shaded). 

Time rate of change in mass inside slice =  
∂

∂t
(APdz) 

Where the volume of system = Adz 

Mass flowing in VAPdtz 

Mass flowing out at z + dz = VAP + 
∂

∂t
(VAP)dz  

ie the flow at z + dz is obtained as the first two terms of the Taylor serrers; expansion given 

by: 

𝑓(z + dz) =  f(z) +  (
∂f

∂z
)zdz + (

∂2f

∂z2
)z

dz2

8!
+ (

∂3f

∂z3
)z

dz3

3!
+  − − ………………………… (14) 

For smalldz, then the series can be truncated after the first derivative term substituting in the 

mass balance equation 

Cross sectional area = A 
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K 

∂

∂t
(APdz) =  VAP − [VAP +  

∂

∂z
(VAP)dz] 

=≫
∂

∂t
(P) +  

∂

∂z
(PV) = 0……………………………………………………………….. (15) 

Tubular 

(Plug flow) reactor with chemical reaction, A                           B 

 

Again, as the slice of material flows down the length of the reactor, CAdecreases as A are 

consumed; 

P1V(velocity) and CA can vary with time and axial position. 

Plug flow is assumed, to imply that there are no radial gradients in velocity, density and 

concentration. 

At z = 0, CA(z, t) =  CA0(t) ≡ CA(t, 0) 

At z = L, CA(z, t) =  CAL(t) ≡ CA(t, L) 

Diffusion can also occur, because of the concentration gradient in the axial direction. S0 we 

use Fick’s law to represent it: NA =  −DA
∂CA

∂z
  ………………………………………….. (16) 

DA = diffusion coefficient due to both molecular diffusion and turbulence in the flow of fluid. 

Molecular flow of A in to boundary at z = bulk + diffusion =  VACA +  ANA 

Molar flow of A in to boundary at z + dz =  (VACA +  ANA) +  
∂

∂z
(VACA +  ANA)dz 

Rate of formation of A inside the system = −kCAAdz 

Time rate of change of A inside the system=  
𝜕

𝜕𝑡
(𝐴𝑑𝑧𝐶𝐴) 

Applying component balance on A (ie substituting in the component balance, balance 

equation). 

(VACA +  ANA) − [(VACA +  ANA) +  
∂

∂z
(VACA +  ANA)dz] −  kCAAdz =   

𝜕

𝜕𝑡
(𝐴𝑑𝑧𝐶𝐴) 

This simplifies to: 

∂CA

∂t
=  −

∂

∂z
(VCA + NA) − KCA 
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=  −
∂

∂z
(VCA) −

∂

∂z
(NA) − KCA 

But NA =  −DA
∂CA

∂z
 

∂CA

∂t
+  

∂

∂z
(VCA) +  KCA =   (

∂

∂z
DA

∂CA

∂z
) ………………………………………………… (17) 

Batch reactors 

Operating a batch reactor 

Description 

 

- Reactants are initially charged into the reactor or container; 

- The reactor contents are well mixed, and left to react for a certain length of time; 

(Note: - heating may be done at a steady rate); 

-  the mixture may be homogeneous, hence, the notion of homogeneous reaction.) 

-  The resultant mixture is then discharged after the required period. 

Comments 

- The operation is unsteady – state operation. In it, composition changes with time. That 

is, at any given instant, the composition throughout the reactor is uniform, but it 

changes as time progresses. 

Advantages 

- Cheap to run; 

- Good when small amount are to be produced; 

- Simple; 

- Requires little supporting equipment. 

  

Uniformly mixed solution 
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Output Input 

Boundary 

CHAPTER II: MATERIAL BALANCES 

I- The principle of material balance 

Consider a process for which there is flow in and out and chemical reaction in the system. 

(Accumulation within the system) = (Input through the system’s boundary) - (Output through 

the system’s boundary) + (Generation within the system) – (Consummation within the 

system) ……..…………………………………………………………………………….. (1) 

 

 

 

 

 

Comments about the equation 

- The equation enables us to account for the total amount of substances involved, and 

changes taking place; 

- A time interval must be specified; eg 1 hour, 1 day, 1 second, 1 year 

- Generation and consumption refer to gain and loss during chemical reaction, and these 

concern only processes in which chemical reaction is taking place. 

- When chemical reaction does not take place, the equation reduces to: 

Accumulation = input – output  …………………………………………………... (2) 

- Also, for a system for which there is no accumulation, 

Input = output 

- If there is no flow in and out, and no generation or consumption in the system, then we 

have simply an isolated system, containing one species of matter that is conserved. 

System: an arbitrary portion of a whole process chosen specifically for analysis. 

Steady – state process (system): It is a process or system for which accumulation is zero  

This means that, what goes into the system must come out of it. 

Accounting for all the materials involved in a process can be a very complex activity, 

because, every bit of material must be taken into account.  

Example: Water balance for a river basin 

Processes and systems  involved in the basin: 

- Atmosphere, A 

- Evaporation, E 

Accumulation 
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- Precipitation, P 

- Groundwater infiltration, w 

- Flow into basin, and flow out of basin, R 

- Ground water flow into basin, and out of basin, G 

- Accumulation in reservoir; S 

 

ie within the system, there is the ground and the reservoir and atmosphere material balance is 

done by choosing a basis eg 1 year period. 

Material balance is a mass balance, not moles, and not volume 

System chosen: Atmosphere (A) + River (reservoir R) + Ground (G) 

We need accumulation, the inputs and outputs 

Accumulation: (for t2 – t1 = 1 year) 

Flow streams 

Input: A1 + R1 + G1 

Output: A2 + R2 + G2 

Generation: 0 

Consumption: 0      

=> Material balance for the system: 

Accumulation = input − output = (SAt2
− SAt1

) +  (SRt2
− SRt1

) +  (SGt2
− SGt1

) 

= (A1 − A2) +  (R1 − R2) +  (G1 − G2) ……………………………………………….. (4) 

The material balance actually applies (depends on) to the choice of the system. 

Example: if for the river basin, the system is the river only, with the reservoir, then 

accumulation = (SRt2
− SRt1

), input = (R1 −  P) and output (R2 +  E + W) 

=>Material balance 

(SRt2
− SRt1

) =  (R1 −  P) − (R2 +  E + W) …………………………………………… (5) 

 

No chemical reaction 
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Example: 

1- 300 kg of air and 24 kg of carbon are placed in a reactor at 3100C. After complete 

combustion, no material remains in the reactor. 

a- What mass of carbon and of oxygen leave reactor? Find the total mass leaving the 

reactor. 

b- Find the moles of carbon and oxygen that entered, and left the reactor 

c- Find the total moles that entered, and the total that left the reactor. 

Solution 

Basis: 300 kg air 

a- Total mass leaving = total mass entering = (300 + 24) kg = 324 kg oxygen and carbon 

leaving reactor 

C +  O2 → CO2 

Molar mass of air = 29 Kg Kgmol⁄ =  
XO2MO2+ XN2MN2

XO2+ XN2

 

Oxygen content in air = 21% 

Moles of oxygen in air = 300 Kg air ×
1 Kg Kg mol,air⁄

29 Kg air
×

21

100

Kg mol O2

Kg mol air
 

= 2,18 Kg mol O2 = 70 Kg O2 

Carbon: 24 Kg C ×
1 Kg mol C

12 Kg C
= 2 Kg mol carbon 

Excess O2 = 2,18 − 2 = 0,18 Kg mol 

Mass of oxygen leaving reactor = 0,18 × 32 Kg = 5,76 Kg 

CO2: 2 × 44 = 88 Kg 

Leaving 

N2 leaving =  N2 in =  N2out 

=> N2 in = 300 ×
1 Kg mol air

29 Kg air
×

79 Kg mol N2

100 Kg mol air
= 8,2 Kg mol N2 = 8,2 × 28 Kg N2

= 230 Kg N2 

Summary table 

Substance In (mass in kg) Moles In Mass Out (moles) 

C 24 2.00 0 0 

O2 70 2.18 5.76 0.18 

N2 230 8.20 230 8.20 

CO2 0 0 88 2.00 

Total 324 12.38 323.76  324 10.28 

Contact Camertutos 682734373 (Whatsapp) 

Camertutos.com

Camertutos.com   votre meilleur site éducatif

camertutos.com


CHI 51 for Master I, PRINCIPLES OF CHEMICAL ENGINEERING by Pr ANAGHO S. G. 11 
 

 

c-Total moles entering reactor = 12,38 Kg mol 

Total moles leaving reactor = 10,28 Kg mol 

Observation  

- Mass entering = total mass leaving; but total moles entering ≠ total moles leaving 

 

I.1- Strategy for solving problems material balance steps: 

i- Draw a picture of the process 

ii- Place all available data on the diagram 

iii- Verify available composition, or those which can be calculated immediately for 

each stream 

iv- See what masses or weights are known for each stream. One of such can be used 

as the basis for the calculation. 

v- Select a basis for the calculation – remember to use the same basis for all 

vi- Make sure the stream is well defined 

vii- Do a total mass and component balance for each 

Note that for a balance on any material, you may need more than one equation  

I.2- Type of problems likely to be encountered: 

i- Problem in which the mass of one stream and the composition of one stream and 

the composition of one stream are unknown: 

These are easy to solve, they are solved by direct addition or subtraction. 

ii- Problems in which all the composition is known and two or more masses are 

unknown. Solution is by algebra to relate the known masses to unknown masses. 

If the streams have a tie component, then the problem becomes simpler. Tie component – 

material that goes though from one stream to another without changing in its mass. 
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Example: 

Drying of pulp: 

A wet paper pulp containing 71% water is to be dried. If 60% of the water is removed, 

calculate. 

a- The composition of the dried pulp 

b- The mass of the water removed per kilogram of wet pulp 

Basis: 1 Kg of wet pulp 

=> mp = 0,29 Kg  => mw = 0,71 Kg 

 

Water removed = 0,60 × 0,71 Kg = 0,426 Kg 

Pulp balance: tie component 

=> mp1
=  mpc

= 0,29 Kg 

Water balance: mw1
− mwe

= water removed = 0,71 − 0,426 =  mw2
= 0,284 Kg 

contained in the pulp 

Composition of dried pulp 

 Kg %wt 

Pulp 0.29 50.5 

Water 0.284 49.5 

Total 0.574 100.0 

 

Observe the following 

- In the drying process, no chemical reaction takes place, and no accumulation 

- For pure water, the mass in equals mass out 

- Moles of O or H in equals moles of O or H out same for mass 

-  

Generalization  

For a steady state process, without chemical reaction 
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 Total mass in = total mass out 

 Total moles in = total moles out 

 Moles of pure compound (species) in = moles of pure species out 

 Moles of an atomic species in = moles of the atomic species out 

 Mass of an atomic species in = mass of the atomic species out 

1.2.1- For steady state process with chemical reaction 

 Total mass in = total mass out 

 Total moles in ≠ total moles out 

 Moles of pure compound in ≠ moles of pure compound out 

 Moles of an atomic species in = moles of the atomic species out 

 Mass of an atomic species in = mass of the atomic species out 

The accounting of the total mass and total moles in the process is called the total balance.  

E.g., total mass balance or total mole balance.  

The balance on the different species (pure compounds or atoms) is called the component 

balance. 

I.2.2- Analysis of material balance problem 

To do a material balance for a system, the following concepts must be known. 

a- The mass in all streams of the materials entering and leaving the systems. 

b- The composition of all the streams entering and leaving the system, and the 

composition of the system 

c- If there is chemical reaction, the equation of the reaction and the extend of the reaction 

Example Fig (2.5) 

a- F = feed stream, P = product stream, W = third stream, x = mass fraction No chemical 

reaction 

 

Basis: 100 Kg feed 

W: obtained from total balance 
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F = P + W => W = F – P = 100 – 60 = 40 Kg 

Component balance: No reaction, hence 

𝑋𝐹𝐹 = 𝑋𝑃𝑃 + 𝑋𝑤𝑊 

 EtOH: 0.50 𝑥 100 = 0.80𝑥60 +  𝑋𝐸𝑡𝑂𝐻𝑥40   𝑋𝐸𝑡𝑂𝐻 =
50−48

40
= 5% 

H2O:0.40 𝑥 100 = 0.05𝑥60 + 𝑋𝐻2𝑂𝑥40   𝑋𝐻2𝑂 = 92.5% 

MeOH: 0.10 𝑥 100 = 0.15𝑥60 + 𝑋𝑀𝑒𝑂𝐻𝑥40   𝑋𝑀𝑒𝑂𝐻 = 2.5% 

 

Alternatively 

𝑋𝐸𝑡𝑂𝐻 + 𝑋𝐻20 + 𝑋𝑀𝑒𝑂𝐻 = 100 𝑋𝑀𝑒𝑂𝐻 = 100 − (𝑋𝐸𝑡𝑂𝐻 + 𝑋𝐻20) = 2.5 

 Feed stream is known in total mass and composition same for product stream, while W is 

not known in total mass and composition. 

b-  

 

P and W are unknowns, while all composition are knows, so a set of simultaneous equation 

should be written. 

Total balance: F = P + W  0 = P + W 

Component balance: EtOH: 𝑋𝐸𝑡𝑂𝐻𝐹 = 𝑋𝐸𝑡𝑂𝐻,𝑝𝑃 + 𝑋𝐸𝑡𝑂𝐻,𝑤𝑊 

0.5𝑥100 = 0.91𝑃   𝑃 = 55 𝑘𝑔 

𝑊 = 100 − 𝑃     𝑊 = 45𝑘𝑔  

c-  
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Total balance: 𝐹 = 𝑃 + 𝑊       100 = 𝑃 + 𝑊 

Component balance 

EtOH: 0.50𝑥100 = 0.80𝑃 + 𝑋𝐸𝑡𝑂𝐻𝑊  𝑋𝐸𝑡𝑂𝐻𝑊 = 50 − 0.80𝑃 

H2O: 0.40𝑥100 = 0.05𝑃 + 𝑋𝐻2𝑂𝑊  𝑋𝐻2𝑂𝑊 = 40 − 0.05𝑃 

MeOH: 0.10𝑥100 = 0.15𝑃 + 𝑋𝑀𝑒𝑂𝐻𝑊  𝑋𝑀𝑒𝑂𝐻𝑊 = 10 − 0.15𝑃 

Or  𝑋𝐸𝑡𝑂𝐻 + 𝑋𝐻2𝑂 + 𝑋𝑀𝑒𝑂𝐻 = 100 

 Four unknowns and four or five equation, but there are fewer independent equations than:  

(i) Unknown 

(ii) Balance with chemical reaction 

Figure (E24) as examples   

 

Reaction:      CH4 + 2 O2                             CO2 + 2 H2O 

Basis: 16 kg 

Total balance: F1 + F2 = P  P = 16 + 274 = 290 kg 
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Mass of O2 and N2 are know from F2 and their compositions 

Component balance for atomic species 

Mass and moles for each are conserved 

Feed stream: 𝑚𝑐 =
16 𝑥 12

(12+4)
= 12 𝑘𝑔 𝑎𝑛𝑑 𝑚𝐻 = 4 𝑘𝑔 

Mass balance: Atomic species 

𝐶: 12 = 𝑋𝑐𝑃𝑥
12

44
=

12

44
𝑥290𝑋𝑐 = 79𝑋𝑐𝑋𝑐 =

12

79
 𝑖𝑒 𝑋𝑐 ≈ 0.1519   

𝐻: 4 = 𝑋𝐻𝑃𝑥
2

18
=

2

18
𝑥290𝑋𝐻 = 32.22𝑋𝐻𝑋𝐻 =

4

32.22
 𝑖𝑒 𝑋𝐻 ≈ 0.1241   

𝑂: 64 = (𝑋𝑐𝑥
32

44
+

16

18
𝑋𝐻)𝑃   

𝑁: 210 = 𝑋𝑁𝑃   𝑋𝑁 =
210

𝑃
=

210

290
 𝑖𝑒 𝑋𝑁 ≈ 0.7241  

Also,𝑋𝑁+ 𝑋𝐻+ 𝑋𝐶 = 1 

From these, equations and taking ratios with the N balance give: 

𝑋𝐻 =
18

105
𝑋𝑁, 𝑋𝐶 =  

22

105
𝑋𝑁, 𝑋𝑁 = 0.7241, 𝑋𝐻 = 0.1241 and 𝑋𝐶 = 0.1517 

Total = 0.9999 

Hence, from 210 = 𝑋𝑁𝑃 P = 210 kg ie P is obtained from total balance. 

 

Reaction: Ca(OH)2 + Na2CO3        CaCO3 + 2NaOH 

    But CaO + H2O Ca(OH)2 
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Basis: 2500 L/hr of NaOH solution in water 

Total balance: F = P1 + P2 

Component balance is used to find F and P2 

For P1 

𝑁𝑎𝑂𝐻 =  
10

100
𝑃1 = 2500 𝑙/ℎ𝑟 𝑃1 =

2500 𝑥100

10
 = 25000 l/hr 

𝐶𝑎𝐶𝑂3 =  
0.5

100
𝑃1 = 125 𝑙/ℎ𝑟 

And 𝐻2𝑂 = 25000 − 2500 − 125 = 22 375 𝑙/ℎ𝑟 

Then atom balance to obtain F and P2 

𝐶𝑎 : 
5.5

100
𝑥

41

57
𝐹 =

50

100
𝑥

41

57
𝑃2 

I.3- Combustion 

Theme associated with combustion 

i- Flue gases or stack gases, gases (all) resulting from the combustion. The includes 

water vapour. Wet basis = same expression as flue or stack gases, 

ii- Dry basis or Orsat analysis: all gases resulting from combustion process excluding 

water vapour. 

iii- Theoretical air (or excess oxygen): the amount of air (or oxygen) needed for a 

complete combustion in the process. 

iv- Excess air (or excess oxygen): the amount of air (or oxygen) that is in excess of 

that required for complete combustion. 

Note: the expression still applies even of partial combustion takes place. 

𝑝𝑒𝑟𝑐𝑒𝑛𝑡 𝑒𝑥𝑐𝑒𝑠𝑠 𝑎𝑖𝑟 =
𝐸𝑥𝑐𝑒𝑠𝑠 𝑎𝑖𝑟

𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑎𝑖𝑟
𝑥100 =

𝑒𝑥𝑐𝑒𝑠𝑠 𝑜𝑥𝑦𝑔𝑒𝑛/0.21

𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑜𝑥𝑦𝑔𝑒𝑛/0.21
𝑥100

=
𝐸𝑥𝑐𝑒𝑠𝑠 𝑜𝑥𝑦𝑔𝑒𝑛

𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑜𝑥𝑦𝑔𝑒𝑛
𝑥100 

O2 entering process = required oxygen 
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ie % excess = 100
𝑂2𝑖𝑛𝑡𝑜 𝑝𝑟𝑜𝑐𝑒𝑠𝑠−𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑂2

𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑂2
 

Example (2.5) 

Compressed ethane has been suggested as a economic source to power vehicles. 

Suppose 20 kg of C2H4are burned with 400 kg of air to give 44 kg of CO2 and 12 kg of CO, 

find the percent excess air. 

 

Basis: 20 kg ethane 

Excess air is based on complete combustion 

ie                      C2H4 + 3 O2                                 2 CO2 + 2 H2O   

Molar mass  

Required moles of O2 

20 𝑘𝑔 𝑥
1𝑘𝑔𝑚𝑜𝑙𝐶2𝐻4

28𝑘𝑔𝐶2𝐻4
𝑥

3𝑘𝑔𝑚𝑜𝑙 𝑂2

1𝑘𝑔𝐶2𝐻4
= 2.14 𝑘𝑔𝑚𝑜𝑙 𝑂2 

Oxygen entering process= 400 𝑘𝑔 𝑎𝑖𝑟 𝑥
1

29 𝑘𝑔 𝑎𝑖𝑟
𝑥

0.21 𝑘𝑔 𝑚𝑜𝑙 𝑂2

1𝑘𝑔𝑚𝑜𝑙 𝑎𝑖𝑟
= 2.90 𝑘𝑔𝑚𝑜𝑙 𝑂2 

% 𝑒𝑥𝑐𝑒𝑠𝑠𝑎𝑖𝑟 =
𝑒𝑥𝑐𝑒𝑠𝑠 𝑂2

𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑂2
𝑥100 = 100

𝐸𝑛𝑡𝑒𝑟𝑖𝑛𝑔 𝑂2 − 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑂2

𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑂2

= 100𝑥
(2.90 − 2.14)

2.14
 

% 𝑒𝑥𝑐𝑒𝑠𝑠 𝑎𝑖𝑟 = 35.5% 

Examples to be studied 

1- Crystallization  

28kg        32 kg/kgmol                     44 kg/kgmol     18 kg/kgmol 

/kgmol 
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Example 2.8: Distillation 

 

Basis: 1000 kg feed 

Total balance: F = D + B   B = F- D = 1000 – 100 = 900 kg 

Component balance 

EtOH: 0.10 𝐹 = 0.60 𝐷 + 𝑋𝐸𝐵        𝑋𝐸 = 4.4 % 

H2O: 0.90 𝐹 = 0.40 𝐷 +  𝑋𝐻𝐵𝑋𝐻 = 95.6 % 

EtOH lost in bottoms = 𝑋𝐸𝐵 = 100 − 60 = 40 𝑘𝑔 

Multiple Equipment: example (2.12) 

 

F1, F2: feeds to absorber 

A1 = air only from absorber 
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A2 = product or stream from absorber = feed to still, consisting of acetone and water 

W = waste from still 

P = final product, consisting mainly acetone 

Basis: 100 Ibmol feed gas 

 Composition of F2 in weight percent 

 Ibmol Mol wt Ib Wt% 

Acetone 1.5 58 87 2.95 

Air 98.5 29 207.7 97.05 

 100  294.7 100.0 

System: the whole system 

 Only one stream, F1 out of five is known by weight. All compositions are known. 

Balances 

Total: 𝐹1 + 𝐹2 =  𝐴1 +  𝑃 + 𝑊  1200 + 𝐹2 = 𝐴1 + 𝑃 + 𝑊 

Acetone: 0.0295 Fe = 0.99 P + 0.05 W 

Water: 1200 = 0.01 P + 0.95 W 

Air: 0.9705 F2 =A1 

Adding up component balances: 

1200 + F2 (0.0295 + 0.9705) = A1 + P (0.99+0.01) + W (0.05+0.95) 

 1200 + F2 = A1 + P + W, which is the same as the total balance 

We have four unknown, but only tree independent equations, so further information is needed 

to completely solve for all the unknowns. 

Example: one of the other streams or the composition of A2 

Suppose F2 = 100 Ib/hr, find P, W, A2 and the composition A2 

Using air balance 

0.9705 F2 = A1  A1 = 0.9705x100 = 97.05 Ib/hr 
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A2 = F1 + F2 – A1 = (1200 + 100 – 97.05) Ib/hr = 1202.95 Ib/hr 

Hence, the other streams 

To find the composition 

Suppose the mass fractions, XA and Xw, Xair of the components in A2 for acetone, and air 

respectively. 

Balance around the absorber 

Total balance: F1 + F2 = A2 + A1 

Air balance: 0.9705 F2 = 1202.95 XA97.05 = 1202.95 XA𝑋𝐴 =
97.05

1202.95
𝑥100 

XA = 8.1 %wt 

XH = 100 – 8.1 = 91.9 %wt 

Acetone: balance: 0.0295 F2 = A2XA 

 0.0295 x 100 = 1202.95 XA𝑋𝐴 =
0.0295𝑥100

1202.95
= 0.0025 

Water balance: F1 = A2Xw 

1200 = 1202.95 XH 

𝑋𝐻 =
1200

1202.95
= 0.9975 

 Xair = 0.000 

I.4- Countercurrent stage wise mass transfer 

 

 

 

 

This is a separation process. In each stage, there is contact between the two streams leading to 

transfer of solute from stream of solvent A to stream with solvent B. 

Assumption: stream immiscible 

XB = weight concentration of solute per Kg of solute free stream, hence X Kgl/KgB  

 Stage 1 Stage 2 Stage 3 

A  kg/h solvent (High 

solute conc)  𝑋𝑜
𝐴 

 

B  kg/h solvent (High 

solute conc)   

 

A  kg/h solvent , X 

(Low solute conc)   

 

B  kg/h solvent  (low 

solute conc)   

 

𝑋1
𝐴 

𝑋1
𝐵 

𝑋2
𝐵 

𝑋2
𝐴 

𝑋3
𝐵 

𝑋3
𝐴 
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Waste, W 

10.9% HAc 

21.7% H2O 

67.4% Bz 

Product, P 

350 kg HAc/hr 

  Benzene, Bz,  

 

80%, HAc 

20%, H2O 
Feed, 

F 

Solute balance around stage 1 

Solute In = solute Out 


𝐴(

𝑘𝑔𝐴

ℎ
)𝑋𝑜

𝐴𝑘𝑔

𝑘𝑔𝐴
+ 𝐵(

𝑘𝑔𝐵

ℎ
)𝑋2

𝐵(
𝑘𝑔

𝑘𝑔𝐵
) 

= 𝐴 (
𝑘𝑔𝐴

ℎ
) 𝑋1

𝐴 (
𝑘𝑔

𝑘𝑔𝐴
) + 𝐵(

𝑘𝑔𝐵

ℎ
)𝑋1

𝐵(
𝑘𝑔

𝑘𝑔𝐵
) …………………………………… (a) 

 

⇒  𝐴(𝑋𝑜
𝐴 − 𝑋1

𝐴) = 𝐵(𝑋1
𝐵 − 𝑋2

𝐵) …………………………….. (b) 

Taking balance about stages 1 and 2 (ie repeating equation, b about stages 1 and 2) 

𝐴(𝑋𝑜
𝐴 − 𝑋2

𝐴) = 𝐵(𝑋1
𝐵 − 𝑋𝛽

𝐵) ……………………………………. (c) 

Or generation for the first n stages𝐴(𝑋𝑜
𝐴 − 𝑋𝑛

𝐴) = 𝐵(𝑋1
𝐵 − 𝑋𝑛+1

𝐵 ) ……………… (d) 

ie(𝐴𝑋0
𝐴 + 𝐵𝑋1

𝐵 = 𝐴𝑋𝑛
𝐴 + 𝐵𝑋𝑛+1

𝐵 ), for any stage 𝐴(𝑋𝑛−1
𝐴 − 𝑋𝑛

𝐴) = 𝐵(𝑋1
𝐵 − 𝑋𝑛

𝐵) 

Or taking balance for the (n-1) stages.𝐴(𝑋𝑜
𝐴 − 𝑋𝑛−1

𝐴 ) = 𝐵(𝑋𝑛
𝐵 − 𝑋1

𝐵) ……….. 

Considering that A, B, 𝑋𝑜
𝐴 and 𝑋1

𝐵 are constants, a linear and making 𝑋𝑛−1
𝐴  subject gives the 

linear expression. 𝑋𝑛−1
𝐵 =  

𝐵

𝐴
𝑋𝑛

𝐵 + (𝑋𝑜
𝐴 −

𝐵

𝐴
𝑋1

𝐵) 

 

I.5- Tie component: example 

 

 

 

 

F and w unknown, and F composition required to do the mass balance. it is not known 

 

Distillat 

Still 

𝑠𝑙𝑜𝑝𝑒 =
𝐵

𝐴
 

Intercept on XA axis is 𝑋𝑜
𝐴 −

𝐵

𝐴
𝑋1

𝐵 
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We can realize that benzene that enters is found completely in W. similarly for H2O. These 

are tie components ie there are two tie components which can be used to do the mass balance. 

We need to use two basis. 

Basis: 100 kg waste 

- We start by calculating the amount of feed for 100 kg of waste 

- We then relate these figures to the amount (rate) of product, thus the second basis. 

Feed: F; let there be x kg benzene for 100 kg of feed 

 H2O in feed = (100-x) x 0.20 

 HAc in feed = (100-x) x 0.80  

Benzene = x 

Total = 100 

Waste:      kg 

Benzene = 67.4 

HAc = 10.9 

H2O = 21.7 

Since benzene and H2O appear only in W it means. 

Benzene in feed = 67.4 kg 

H2O in feed = 21.7 kg              both are tie components 

We need to find the amount of HAc in the feed. Any of the tie components can be used, eg 

H2O 

H2O in feed = 21.7 kg (because we have 21.7 kg in waste) 

 H2O in waste = 21.7 kg 

HAc in the feed: (using H2O as tie component) 

21.7 𝑘𝑔 𝐻2𝑂 𝑥
1

100 𝑘𝑔 𝑤𝑎𝑠𝑡𝑒
𝑥

0.80 𝑘𝑔 𝐻𝐴𝑐

0.2 𝑘𝑔 𝐻2𝑂
= 86.8 𝑘𝑔 𝐻𝐴𝑐 /100𝑘𝑔𝑤𝑎𝑠𝑡𝑒 

Using this basis, we find the amount of product by taking an HAc balance, 

𝐻𝐴𝑐 𝑖𝑛 𝐹 − 𝐻𝐴𝑐 𝑖𝑛 𝑊 = 𝐻𝐴𝑐 𝑖𝑛 𝑃 

 86.8 𝑘𝑔 − 10.9 𝑘𝑔 = 75.9 𝑘𝑔 

We now have to relate this quantity to the product rate of 350 kg/hr. So we take a new basis: 
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Basis (new): 1hr  350 kg 

Using the tie component Bz 

67.4 𝑘𝑔 𝐵𝑧 𝑖𝑛 𝐹 𝑥
1

75.9 𝑘𝑔𝐻𝐴𝑐 𝑖𝑛 𝑃
𝑥

350 𝑘𝑔 𝐻𝐴𝑐 𝑖𝑛 𝑃

ℎ𝑟
= 311𝑘𝑔 𝐵𝑧 𝑖𝑛 𝐹𝑒𝑒𝑑/ℎ𝑟 

Alternatively, algebraically 

We need a MB for the four components and the total balance 

Basis: 1hr  350 kg HAc (thus P) 

 

Total balance 

𝐹 = 𝑊 + 𝑃           𝐹 = 𝑊 + 350 ………………………………………………… (1) 

H2O balance 

𝐹. 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝐻2𝑂 = 0.217 𝑊 
(100−𝑥)𝑋 0.20

100
 𝐹 = 0.217 𝑊 ……………………. (2) 

Ie. Feed, F contains x% Bz, remain (100-x) % is for H2O and HAc, divided in ratio 20:80 

HAc balance 

(100−𝑥)𝑋 0.80

100
𝐹 = 0.109 𝑊 + 350 ………………………………………………………. (3) 

Bz balance 

𝑥

100
𝐹 = 0.674 𝑊 …………………………………………………………………………. (4) 

Any 3 of them can be used to solve for the three unknown x, F and W 

II. Recycling, Bypass and Purge 

II.1- Recycle: 

Recycle is apart of a stream is sent back to the process to mix with the feed 
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II.1.1- Application of recycling 

- Drying operations, paid of the moisture removed is used to improve on the humidity of 

drying room. 

- Fractionating Column: part of the distillate is recycled to enter at the top of column to 

maintain the quantity of liquid within the column. 

- Spaccshys: recycle of water from waste streams (urine/ faeces) 

II.1.2- Method of handling recycling problem 

Material Balance can be written several ways: 

a- Balance about the entire process (system 1), recycle stream is within the system, hence 

balance does not include it; 

b- Balance about the junction of feed and recycle (system 2); 

c- Balance about the process only (system 3); 

d- Balance about the junction point of separation of recycle and net product 

Recycle can be with or without chemical reaction 

Example: (E 2.20): recycle without chemical 
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Total: toluene 

To find the reflux ratio R/D 

Overall material balance: F = D + W …………………….. (1)   1000 = D + W 

Component balance 

𝐵𝑧: 10000𝑥0.50 = 0.04 𝑊 + 0.95 𝑃  

5000 = 0.04 𝑊 + 0.96 𝑃 ……………………………………………………. (2) 

Solving equating (1) and (2) gives D = 5050 kg/hr and W = 4950 kg/hr 

To involve the recycle, one takes the MB around the condenser 

Total balance: 𝑉 = 𝐷 + 𝑅 8000 = 5050 + 𝑅,𝑅 = 2950 𝑘𝑔/ℎ𝑟 

Reflux ratio,𝑅 𝐷⁄ =
2950

5050
= 0.584 

Recycle with chemical reaction (example 2.22) 

II.2- Bypass and Purge 

A bypass stream is one that skips one or more stages of a process, and goes directly to 

another stage. 

 

Purge: a bleed oft from the system to remove an accumulation of inert or unwanted material 

that may build up in the system if not removed purge rate is adjusted so that the amount 

purged remains below a specified level. It is also adjusted so that (rate of accumulation) = 0 

Ie; (rate of material entering and/or produced) – (rate of purge and/or loss) = 0 

The same principles as for other systems are employed for bypass and purge. 
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CHAPTER III: Combined material and Energy Balance 

I- Energy 

Concepts dealt with: heat, work, enthalpy, internal energy 

Some sources of energy: coal, oil, natural gas, uranium 

Nonrenewable energy sources: 

- Have negative effects on environment during production, processing, application 

- Energy reserves – a limited resource 

- Recall the law of conservation of energy 

Energy balance equation: (the macroscopic energy balance) 

(Accumulation of energy a within a system) = (transfer of energy in to system through 

boundary) – (transfer of energy out of system through boundary) + (energy generator within 

the system) – (energy consumption within the system). 

Energy associated with mass: 3 categories – internal energy U, kinetic energy K and potential 

energy P. 

Energy transported across the system boundaries: associated with mass flow in to and out of 

the system is Q, and work is W. 

 

Hence, the energy balance equation is: 
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𝑚𝑡2(�̂� + �̂� + �̂�)
𝑡2

− 𝑚𝑡1(�̂� + �̂� + �̂�)𝑡1

=  𝑚1(�̂�1 + �̂�1 + �̂�1) − 𝑚2(�̂�2 + �̂�2 + �̂�2) + 𝑄 − 𝑊 + 𝑃1�̂�1𝑚1 − 𝑃2�̂�2𝑚2 

Note: 𝑃1𝑉1𝑚1 = work to introduce material in to the system 

𝑃2𝑉2𝑚2 = work recovered on moving material from the system 

II- Simultaneous material and energy balance for steady state 

For any piece of equipment, you must 

a- Write a total material balance; 

b- Write a material balance for each chemical component or each atomic species; 

c- Write an energy balance to add one other independent overall equation. 

Note an energy balance cannot do for each individual species, or component in the mixture. 

Example: steady balance for a system 

 

 System could be any equipment such as a boiler, a distillation column, a dries, a 

crystallizer,… 

Balance 

Total masse: 𝐴 + 𝐵 = 𝐶 + 𝐷 

Component 1 balance : 𝐴𝑋𝐴1 + 𝐵𝑋𝐵1 = 𝐶𝑋𝐶1 + 𝐷𝑋𝐷1 

Component 2 balance :𝐴𝑋𝐴2 + 𝐵𝑋𝐵2 = 𝐶𝑋𝐶2 + 𝐷𝑋𝐷2 
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Ie. Components in each stream X = weight fraction of any component 

Energy balance (overall) 

𝑄 − 𝑊 = (𝐶�̂�𝐶 + 𝐷�̂�𝐷) −  (𝐴�̂�𝐴 + 𝐵�̂�𝐵), �̂� = enthalpy per unit mass 

Interrelated processes and streams (material and energy balances) 

 

We require doing: 

- An overall balance. This reduces to the case just treated above 

- Material and energy balances for equipment 

Note: by adding the balances around each equipment. Simply gives the overall balance for 

entire system. 

Balances for equipment I, II, III 

Balance In Out 

Entire process   

Total F D + W 

Component 𝐹𝑋𝐹𝑖 𝐷𝑋𝐷 + 𝑊𝑋𝑤 

Energy 𝑄𝐼𝐼 + 𝑄𝐼𝐼𝐼 + 𝐹∆�̂�𝐹 𝐷∆�̂�𝐷 + 𝑊∆�̂�𝑊 

Process I   

Total F  + R + Y V + L 
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Component 𝐹𝑋𝐹𝑖 + 𝑅𝑋𝑅𝑖 + 𝑌𝑋𝑦𝑖 𝑉𝑋𝑉𝑖 +  𝐿𝑋𝐿𝑖 

Energy 𝐹∆�̂�𝐹 + 𝑅∆�̂�𝑅 + 𝑌∆�̂�𝑌 𝑉∆�̂�𝑉 +  𝐿∆�̂�𝐿 

Process II   

Total component V R + D 

Component 𝑉𝑋𝑉𝑖 𝑅𝑋𝑅𝑖 + 𝐷𝑋𝐷𝑖 

Energy 𝑄𝐼𝐼 + 𝑉∆�̂�𝑉 𝑅∆�̂�𝑅 + 𝐷∆�̂�𝐷 

Process III   

Total L Y+W 

Component 𝐿𝑋𝐿𝑖 𝑌𝑋𝑦 + 𝑊𝑋𝑊𝑖 

Energy QIII + 𝐿∆�̂�𝐿 𝑌∆�̂�𝑌 + 𝑊∆�̂�𝑊 

 

Example: 

A distillation column separates 1000 kg/hr of 40 % benzene, 60 % chlorobenzene liquid 

solution which is at 70 °F. The liquid product from the top of the column is 99.5 % benzene, 

while the bottom contains 1 % benzene. The condenser uses water which enters at 60°F and 

leaves at 140°F, while the reboiler uses saturated steam at 280°F. The reflux ratio(the ratio of 

the liquid overhead returned to the column to the liquid overhead product removed) is 6 to 1. 

Assume that both the condenser and reboiler operate at 1 atmosphere pressure, that the 

temperature calculated for the condenser is 178°F and reboiler 268°F, and that the calculated 

fraction of benzene in the vapour from the reboiler 3.9 wt% (5.5 mol%), calculate the 

following: 

a- The kg of overhead product (distillate) and bottoms per hour; 

b- The kg of reflux per hour; 

c- The kg of liquid entering the reboiler and the reboiler vapour per hour 

d- The pounds (kg) of steam and cooling water used per hour. 
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Data needed 

Molar masses: 

Cl = 112.6 kg/kgmol, Bz = 78.1 kg/kgmol 

Heat capacities of Bz and Cl 

Temperature (°F) Cp (Btu/Ib) (°F) Hvap (Btu/Ib) 

Cl Bz Cl Bz 

60 0.31 0.405   

90 0.32 0.415   

120 0.335 0.43   

150 0.345 0.45   

180 0.36 0.47 140 170 

210 0.375 0.485 135 166 

240 0.39 0.50 130 160 

270 0.40 0.52 126 154 

 

Conversion of units: 

1 Btu = 1. 055x103 J, Ib = 0.4536 kg 

1°F = 5/9 °C 

Contact Camertutos 682734373 (Whatsapp) 

Camertutos.com

Camertutos.com   votre meilleur site éducatif

camertutos.com


CHI 51 for Master I, PRINCIPLES OF CHEMICAL ENGINEERING by Pr ANAGHO S. G. 32 
 

Basis: 10 000 kg/hr of feed 

a- Distillate (P) and Bottoms (B) per hour 

Overall material balance: 𝐹 = 𝑃 + 𝐵  10 000 = 𝑃 + 𝐵   𝐵 = 10 000 − 𝑃 

Overall Bz balance: 10 000𝑥 0.40 = 0.995𝑃 + (10 000 − 𝑃)𝑥 0.01 

 P = 3960 kg/hr and B = 6040 kg/hr 

b- Kg of reflux per hour 

Balance of material around consider 

𝑅

𝑃
= 6  𝑅 = 6𝑃  𝑅 = 23 760 𝑘𝑔/ℎ𝑟 

𝑉𝑡 = 𝑅 + 𝑃 = 27 720 𝑘𝑔/ℎ𝑟 

c- Kg/hr of liquids entering and leaving reboiler and vapour leaving reboiler, thus L, B, 

Vb. 

Material balance for reboiler 

𝐿 =  𝑉𝑏 + 𝐵   6 040 + 𝑉𝑏 

Bz balance: 𝐿𝑋𝐿 = 𝐵𝑋𝐵 + 𝑉𝑏𝑋𝑣𝑏𝐿𝑋𝐿 = 6 040 𝑥 0.01 + 0.039 𝑉𝑏 

Two equations and three unknowns L, Vb, XL. So we have to consider energy balances. 

Overall energy balance 

Choose a datum (reference) temperature: 70°F. This helps to eliminate the calculation for the 

feed enthalpy. 

No work done, no kinetic energy and no potential energy 

Overall energy balance 

𝑄𝑠𝑡𝑒𝑎𝑚 + 𝑄𝑐𝑜𝑛𝑑 =  ∆𝐻𝑝 + ∆𝐻𝐵 − ∆𝐻𝐹 = 𝑃 ∫ 𝐶𝑝𝑝𝑑𝑡
178

70

+ 𝐵 ∫ 𝐶𝑝𝐵𝑑𝑡
268

70

− 𝐹 ∫ 𝐶𝑝𝑇𝑑𝑇
70

70

 

𝑄𝑠𝑡𝑒𝑎𝑚 𝑎𝑛𝑑 𝑄𝑐𝑜𝑛𝑑 are unknown, while all the others are known. 

Balance around condenser: 

𝐻𝑒𝑎𝑡 𝑖𝑛 − 𝐻𝑒𝑎𝑡 𝑜𝑢𝑡 = 𝐻𝑒𝑎𝑡 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑑 𝑏𝑦 𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑤𝑎𝑡𝑒𝑟 

Ie Heat lost by the condensing stream, Vt = Heat taken by cooling water through consider 
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Heat lost corresponds to heats of vaporization ie 𝑉𝑡(−∆�̂�𝑣𝑎𝑝) =  −𝑊𝐶𝑝𝑤(𝑡2 − 𝑡1) 

𝑉𝑡(−∆�̂�𝑉𝐵𝑧 𝑥 𝑋𝐵𝑧 − ∆�̂�𝑣𝐶𝑙𝑥 𝑋𝐶𝑙) =  −𝑊𝐶𝑝𝑤(𝑡2 − 𝑡1) 

27 720(170𝑥0.995 + 140𝑥 0.005) = 𝑊(1)(140 − 60) =  𝑄𝑤 = −𝑄𝑐𝑜𝑛𝑑 

−𝑄𝑐𝑜𝑛𝑑 =  27 720(170𝑥0.995 + 140𝑥0.005)𝑥1.055𝑥103
𝐽

𝐵𝑡𝑢
𝑥

𝐼𝑏

0.454 𝑘𝑔
 

𝑄𝑐𝑜𝑛𝑑 =  −10.95𝑥109𝐽/ℎ𝑟 =  −10.95𝑥103𝑀𝐽/ℎ𝑟 

Ie  

𝑄𝑐𝑜𝑛𝑑 =
4.71𝑥106𝐵𝑡𝑢

ℎ𝑟
=  𝑊

𝐵𝑡𝑢

𝐼𝑏 °𝐹
𝑥(140 − 60) 

𝑊 = 5.89𝑥104𝐼𝑏𝐻2𝑂/ℎ𝑟 = 26 717𝑘𝑔/ℎ𝑟 = mass of cooling water per hour 

Amount of steam used in reboiler 

Using the overall heat balance 

𝑄𝑠𝑡𝑒𝑎𝑚 =  ∆𝐻𝑝 + ∆𝐻𝐵 − 𝑄𝑐𝑜𝑛𝑑 

∆𝐻𝑝 = 𝑃∆�̂�𝑝  𝑜𝑟 ∆�̂�𝑝 = ∫ (𝑋𝐵𝑧𝐶𝑝𝐵𝑧)𝑑𝑡 + ∫ (𝑋𝐶𝑙𝐶𝑝𝐶𝑙)𝑑𝑡
178

70

178

70

 

∆�̂�𝑝 = 𝑋𝐵𝑧 ∫ (𝐶𝑝𝐵𝑧)𝑑𝑡 + 𝑋𝐶𝑙 ∫ (𝐶𝑝𝐶𝑙)𝑑𝑡
178

70

178

70

=  𝑋𝐵𝑧(47.0) + (32.2)𝑋𝐶𝑙 

0.995𝑥 47.0 + 32.2𝑥 0.005   ∆�̂�𝑝 = 46.9 𝐵𝑡𝑢/𝐼𝑏  𝑎𝑛𝑑  ∫ (𝐶𝑝𝐶𝑙)𝑑𝑡
178

70

= 36.2 𝐵𝑡𝑢/𝐼𝑏   

Are obtained from graphical integration and the average ∆𝐻𝑝 is obtained weight eel averages. 

Similarly,  

∆�̂�𝐵 = 𝑋𝐵𝑧 ∫ (𝐶𝑝𝐵𝑧)𝑑𝑡 + 𝑋𝐶𝑙 ∫ (𝐶𝑝𝐶𝑙)𝑑𝑡
260

70

260

70

=  0.01𝑥88.1 + 0.99𝑥68.0 = 68.3 𝐵𝑡𝑢/𝐼𝑏 

𝑄𝑠𝑡𝑒𝑎𝑚 =  𝑃∆�̂�𝑝 + 𝐵∆�̂�𝐵 − 𝑄𝑐𝑜𝑛𝑑 = [(3960𝑥46.9 + 6040𝑥68.3) + (4.71𝑥106)]
𝐵𝑡𝑢

𝐼𝑏
= 5.51𝑥106 𝐵𝑡𝑢/𝐼𝑏 

= 5.51𝑥106
𝐵𝑡𝑢

𝐼𝑏
=  5.51𝑥106

𝐵𝑡𝑢

𝐼𝑏
𝑥

1.055𝑥103 𝐽

𝐵𝑡𝑢
= 5.602𝑥109𝐽/ℎ𝑟 
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𝑄𝑠𝑡𝑒𝑎𝑚 = 5.602𝑥103𝑀𝐽/ℎ𝑟 

Amount of steam used 

∆�̂�𝑣𝑎𝑝 for steam used at 280 °F = 923 Btu/Ib. value obtained from steam tables 

The assumption is that the steam leaves the reboiler at its saturation temperature 

𝑄𝑠𝑡𝑒𝑎𝑚 =  𝑆∆�̂�𝑣𝑎𝑝 𝑆 =  
𝑄𝑠𝑡𝑒𝑎𝑚

∆�̂�𝑣𝑎𝑝

=
5.31𝑥106 𝐵𝑡𝑢/ℎ𝑟

923 𝐵𝑡𝑢/𝐼𝑏
= 5760 𝐼𝑏/ℎ𝑟 

𝑆 = 5760
𝐼𝑏

ℎ𝑟
= 5760 𝑥

𝐼𝑏

ℎ𝑟
𝑥

0.4536 𝑘𝑔

𝐼𝑏
 𝑆 = 2612.7 𝑘𝑔/ℎ𝑟 

A energy balance around reboiler 

c-Liquid entering reboiler, and vapour leaving reboiler 

energy around reboiler 

𝑄𝑠𝑡𝑒𝑎𝑚 + 𝐿∆𝐻𝐿 = 𝑉𝑏∆𝐻𝑣𝑏 + 𝐵∆𝐻𝐵 

   5.31𝑥106 + 𝐿∆𝐻𝐿 = 𝑉𝑏∆𝐻𝑣𝑏 + 𝐵∆𝐻𝐵 

Unknowns: L, ∆𝐻𝐿, 𝑉𝑏 

Energy balance: (reference temperature): (268 °F) 

Total material: L = 6040 + Vb 

5.31𝑥106 +  𝐿 (0.39)(−20 °𝐹) =  𝑉𝑏(0.99)(126) 

Stream L, temperature cannot be more than 20 °F lower than 268 °F the reboiler temperature. 

Heat capacity of L assumed to be chlorobenzene = 0.39 Btu/ Ib °F at 240 °F. 

Note: the temperature of the stream L entering the reboiler is assumed to be 20 °F lower the 

temperature of reboiler 268 °F. 

Energy balance around reboiler: 

5.31𝑥 106
𝐵𝑡𝑢

ℎ𝑟
+ 𝐿(0.39)(−20°𝐹)

𝐼𝑏

ℎ𝑟

𝐵𝑡𝑢

𝐼𝑏°𝐹
°𝐹 = 𝑉𝑏[0.99𝑥126 + 0.01𝑥154 + 𝐵(0) 
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Material balance 

L = 6040 + Vb 

 

 5.31𝑥 106 − (6040 + 𝑉𝑏)(0.39𝑥20) = 126.3𝑉𝑏 = 5.31𝑥106 − 0.047𝑥106

= 126.3𝑉𝑏 + 7.8𝑉𝑏 𝑉𝑏 =
5.26𝑥106

134
= 39 300

𝐼𝑏

ℎ𝑟
= 17 826 𝑘𝑔/ℎ𝑟 

 L = Vb + B = 39 300 + 6040 = 45 340 Ib/hr = 20566.2 kg/hr 

Results 

a- Amount of overhead product and bottoms 

P = 3960 kg, B = 6040 kg/hr 

b- Amount of reflux: R = 23 760 kg/hr 

c- Amount of liquid entering reboiler and the reboiler vapour 

L = 20 566.2 kg/hr and Vb = 17 826 kg/hr 

d- Amount of steam (in reboiler) and cooling water (condenser) 

S = 2 612 kg/hr, W = 26 717 kg/hr 
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CHAPTER IV: FLOW OF FLUIDS  

I. Introduction 

Concerns of an engineer during flow of fluids 

 Transportation of fluids 

 Pumping of fluids, pump selection 

 Pressure drops, hence power required 

 Frictional drag 

 Flow measurement 

 Pipe diameter 

Materials are more easily transferred as fluids 

I.1- Definitions 

Fluids: substances which does not resist on permanent basis distortion to attempt to change 

the shape of a mass of fluid will lead to the formation of layers of fluids sliding over one 

another until a new shape is obtained. 

During the change in shape, shear stresses are set up. These stresses are zero when the final 

shape is obtained. 

The magnitude of the shear stress depends on the viscosity of the fluid, and on the rate sliding. 

Fluid mechanics: A set of laws that is applicable to fluids, in any state of motion; i.e. whether 

the fluids are in motion or not. When the fluids are immobile, we talk of hydrostatics. When 

they are in motion, we have fluid dynamics or hydrodynamics. 

Fluid mechanic obeys the law of physics and mathematical rules, but the diverse processes 

that take place in them are so complex that tend to use dimensionless numbers for their 

analysis. 

I.1.2- Important properties of fluids 

Fluids are characterized by four properties, which are necessary for their mechanical studies. 

i- Compressibility 

Contact Camertutos 682734373 (Whatsapp) 

Camertutos.com

Camertutos.com   votre meilleur site éducatif

camertutos.com


CHI 51 for Master I, PRINCIPLES OF CHEMICAL ENGINEERING by Pr ANAGHO S. G. 37 
 

Fluids have varying degrees of compressibility when subjected to pressure eg compressibility 

of a liquid changes by a ratio 1: 20000 when subjected  to 1 atmosphere pressure. 

The compressibility in negligible 

Liquids will be considered as incompressible fluids. 

Solids are also incompressible, while gases are compressible. For gases, V α  
1

𝑃
 , but the speed 

of flow of a gas does not vary the volume very much. 

ii-  Isotropy 

    An isotropic body is one for which its vectorial properties are the same in all direction. 

Examples, of vectorial properties, expansion speed of propagation of light within them. At 

normal conditions gases and liquids are isotopic, same for some solids, mechanically, isotropy 

plays a negligible role. 

iii-  Mobility 

      Mobility may be regarded as the absence of any defined shape. In a fluid, cohesion force, 

are too weak to form a rigid structure. 

iv-  Viscosity 

     It is the resistance to deformation, and it is proportional to the speed. Example: a greater 

torque, thus, energy is needed to start turning a paste (than when it is already in motion) 

 Perfect fluid 

     A fluid which is perfectly isotropic; perfectly mobile; has zero viscosity and is completely 

incompressible, if the fluid is a liquid. If the fluid is a gas, it is a perfect fluid, if it obeys the 

law 

PV=RT ……………………………………………………………………………….. (l) 

V= specific volume, P= absolute pressure, T= absolute temperature 
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II. HYDROSTATICS 

 Hydrostatic – the study on fluids at rest (no distinction is made here of read or perfect fluids) 

II.2.1- Theorems of hydrostatics 

i- For any homogeneous at rest, the pressure at any point is normal to the surface on 

which it is acted. 

ii- In a homogeneous fluid, the pressure at point is the same on all elements of the surface 

, what ever the direction or orientation of the surface 

iii-  The pressure difference between any two points. A and B in a fluid (homogeneous) at 

rest is the weight of the fluid column between A and B (ie height, is vertical distance between 

A and B  

 

∆ P = PB– PA =  hρg ……………………………………………………….. (2) (Pascal law) 

II.2.2- Newton’s law of viscosity 

     Consider two plates, 1 and 2 placed at y a paid, and having 

area A. Fluid flow through them plate 1, is suddenly set to 

motion with velocity U. 

 Force required to maintain plate 1 for laminar flow 

𝐹

𝐴
=  µ

𝑈

𝑦
 ……………………………………………….. (3) 

                       µ= viscosity (g.s-1.Cm-1) 

           Hence, the shear stress exerted in the x-

direction in fluid surface of constant y by the fluid in 

the region of lesser y is 𝜏yx 

Where 𝜏yx = -µ
𝑑𝑈𝑥

𝑑𝑦
 …………………………… (4) 
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Ux= Velocity in x-direction; 
𝑑𝑈𝑥

𝑑𝑦
 = Velocity gradient. Equation (4) implies that the shear force 

per unit area is proportional to the negative of the local velocity gradient. 

𝜏yx may also be regarded as the viscous flux of x-momentum in they-direction . Velocity 

gradient can be considered as the driving force for momentum transport. 

𝛾 =
𝜇

𝜌
  ……………………………………………….. (5)   𝛾 = 𝑘𝑖𝑛𝑒𝑐𝑡𝑖𝑐𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦(𝐶𝑚. 𝑠) 

QUESTIONS 

1.  Calculate the steady-state momentum flux in (a) Ibf/ft
2 

and 𝑁
𝑚⁄ 2 given that the lower plate has velocity. 

Ux=
  1 𝑓𝑡

𝑠⁄  and the plate separation is Y = 0.00l ft. The  

2. fluid viscosity is 0,7cp 

SOLUTION: Ʈyx = -𝜇
𝑑𝑈𝑥

𝑑𝑦
 

a- 𝜇 = 0.7 𝑐𝑝  

= 0.7(cp) × (2. 0886×10-5 
 𝐼𝑏𝑓.𝑠𝑒𝑐.𝑓𝑡−2

𝑐𝑝
) using conversion tables 

𝜇= 1.46 x10-5 Ibf sec ft-2 

The velocity profile is linear 

𝑑𝑈𝑥

𝑑𝑦
 =

Δ𝑈𝑥

Δ𝑦
=

(0−10)

0,001𝑓𝑡
 ft s-1= -1000 s-1 

Ʈyx= −𝜇
𝑑𝑈𝑥

𝑑𝑦
= −1.46𝑥10-3 (lbf.s.ft-2)×(-1000 s-1) 

= 1.46 x 10-2 Ibf ft
-2 

Note: Using imperial units, Newton’s law can be rewritten as: 𝜏yx = −𝜇
𝑑𝑈𝑥

𝑑𝑦
 

b- 𝜇 = 0.7𝑐𝑝 

 

 

II. Hydrodynamics 
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Dimensionless Number 

Reynold’s Number Re=
𝐷𝜌𝑈

𝜇
 

Ie Re ratio of inertial forces to viscous forces inertial forces are forces resulting from the 

mass. 

Large Re     ⇒ large inertial force dominate.eg Re ˃ 2100 

Low Re    ⇒ dominance of viscous forces i.e. Re   ˂   2100 

Reynold’s number is used to characterize flow regimes, thus turbulent flow or laminar 

flow. 

-Turbulent flow. Re ˃ 2100, dominance of internal forces over viscous forces viscous 

forces and up having no influence on the flow 

-Laminar flow: Re ˂ 2100, dominance of viscous forces, laminar flow also called 

streamline flow or non-mixed flow 

 

 

 

 

 

 

Mach number (Ma): is the ratio of a fluid velocity at a point to the corresponding velocity of 

sound. 

i.e.  Ma = 
𝑈

√(𝛾𝑃𝑉)
 

U = velocity, P = pressure and V = volume 

Continuity equation 

 

Mass flow rate, G = AU𝜌 ………………………………………………………………. (7) 

A = Cross sectional area 

U = average flow velocity 

𝜌 = 𝑑𝑒𝑛𝑠𝑖𝑡𝑦𝑜𝑓𝑓𝑙𝑢𝑖𝑑 
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At point 1, G1=A1𝜌U1 

At point 2, G2 =A2𝜌U2 

Since there is no accumulation, G1= G2 = G 

⇒ G=A1𝜌U1= A2𝜌U2       (𝐾𝑔 𝑠⁄ )   ……………………………………………………….. (8) 

Volume flowrate, Q  =
𝐺

𝜌
 = AU    (𝑚3 𝑠⁄ ) …………………………………………………(9) 

Hence, A1U1 =A2U2 ………………………………………………………………………. (10) 

Equation 10 is applicable to incompressible fluids 

IV. Energy of a fluid 

Consider a fluid of volume, V1 and density𝜌. The fluid posses a number of energy forms: 

potential, kinetic and pressure energy 

Potential energy: The energy of fluid due to its position in the earth, gravitational field. 

 

 

PE =𝜌Vgh 

  =work done in raising fluid of volume V through a 

height of h per unit mass 

PE = gh 

 

 

 

Kinetic energy 

KE = 
1

2
mu2 

   = work done in taking a mass m of fluid to a speed U per unit mass 

KE =
𝑈

2

2
 

Pressure Energy 

EPRESS = PV = work needed to introduce a volume V of a fluid in to a system where to 

pressure is greater than current pressure by P 

EPressure = PV,  

V= volume per unit mass 

Internal Energy: Energy attributed to the physical state of the fluid,  

U= internal energy per unit mass 

Total energy of the fluid per unit mass of fluid: Etot = U + PV + gh +
𝑈2

2
  ……………….. (11) 
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Fluid flowing from section 1 to 2; q is heat absorbed from surrounding, Ws is the work done 

by fluid on surrounding, then 

𝑞 − 𝑊𝑠 = ∆𝑈 − ∆(𝑃𝑉) + 𝑔∆ℎ + ∆(
𝑈2

2
)  ………………………………………………  (12) 

Ws= shaft work =work done by fluid on surrounding other than the work done by fluid in 

entering and leaving the system 

But W=WS +∆(𝑃𝑉)  ……………………………………………………………………… (13) 

Ie total work done = shaft work + expansion work 

And ∆𝐻 = ∆𝑈 + ∆(𝑃𝑉) ………………………………………………………………   (14) 

q –WS =∆𝐻 + 𝑔∆ℎ + ∆(
𝑈2

2
) …………………………………………………………...  (15) 

⇒ For small changes in system,   𝑑𝑞 − 𝑑𝑊𝑠 = 𝑑𝐻 + 𝑔∆ℎ + 𝑈𝑑𝑈  ……………………..  (16) 

Where 𝑑𝐻 = 𝑑𝑞 + 𝑉𝑑𝑃 + 𝑑𝐹……………………………………………………………. (17) 

⇒ Equation (17) in (16) and integrating  
∆𝑈2

2
 + g∆ℎ + ∫ 𝑉𝑑𝑃 + 𝑊𝑠 + 𝐹 = 0

2

1
 ………….  (18) 

I.e. (17) in (16) gives: 𝑈𝑑𝑈 + 𝑔𝑑𝑧 + 𝑉𝑑𝑃 + 𝑑𝑊𝑠 + 𝑑𝐹 = 0 Which on integrating gives 

equation (18). 

F = amount of mechanical energy converted to heat or the conversion to heat energy, and 

from one temperature to another. It changes the temperature i.e.  F is a measure of the 

system’s irreversibilities. 

Using the velocity correction, 𝛼 (Which accounts for the variation of velocity across a 

velocity profile), we have: 

𝑈𝑑𝑈

𝛼
 +gdh + VdP + dWs + dF = 0 ……………………………………………………….  (19) 

⇒ For finite changes 

∆𝑈2

2𝛼
 +g∆ℎ + ∫ 𝑉𝑑𝑃 + 𝑊𝑠 + 𝐹 = 0 

2

1
……………………………………………………..  (20) 

𝛼 = 0,5   for laminar flow, and unity for turbulent flow 

V. Fluid head and pressure head 

Energy per unit volume of fluids 

𝜌𝑈𝑑𝑈

𝛼
 + 𝜌𝑔𝑑ℎ + 𝜌𝑉𝑑𝑃 + 𝜌𝑑𝑊𝑠 + 𝜌𝑑𝐹 = 0  (ie obtained by multiplying each term by 𝜌). 

Energy per unit weight of fluid: obtained by dividing each term by g, 

Thus,
𝑈𝑑𝑈

𝛼𝑔
 + dh + 

𝑉𝑑𝑝

𝑔
 +

𝑑𝑊𝑠

𝑔
  + 

𝑑𝐹

𝑔
  = 0    

Units of each term = m (i.e. they each have the dimension of length) 

Summing all the terms gives the total head or the fluid head 
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𝑈𝑑𝑈

𝛼𝑔
=    

𝑈2

2𝛼𝑔
 is the velocity head, while  

𝑉𝑑𝑃

𝑔
 is the pressure head, etc…. 

VI. Incompressible and compressible fluid 

The term ∫ 𝑉𝑑𝑃
2

1
 has to be evaluated depending on whether the fluid is compressible or 

incompressible. For incompressible fluid, V does not depend on Pressure, hence ∫ 𝑉𝑑𝑃 =
2

1

𝑉 (𝑃2 − 𝑃1) 

For compressible fluids, 

∫ 𝑉𝑑𝑃
2

1
 is evaluated as for an ideal gas and the type of process ( use thermodynamics ) . 

Factors on which pressure – Volume relations depend for an ideal gas: 

- Rate of heat transfer to surroundings 

- The degree of irreversibility of the process 

Example of process to be considered 

a- Isothermal Process 

PV=
𝑅𝑇 

𝑀
= P1V1    ⇒∫ 𝑉𝑑𝑃

2

1
 = P1V1∫

𝑑𝑃

𝑃

2

1
 =   P1V1 𝑙𝑛

𝑃2

𝑃1
 

b- Isentropic process 

𝑃𝑉𝛾 = 𝑃1𝑉1
𝛾
 𝑉 = (𝑃1𝑉1)

1
𝛾⁄ ∫ 𝑉𝑑𝑃

2

1

=
𝛾

𝛾 − 1
(𝑃2𝑉2 − 𝑃1𝑉1)  

c- Reversible process Neither adiabatic nor isothermal: 

PVk  = constant = P1V1
k, (an expression the isentropic relation ) 

∫ 𝑉𝑑𝑃
2

1
 =  

𝑘

𝑘−1
 P1V1⌈(

𝑃2 

𝑃1
) 𝑘 − 1⌉ 

d- Irreversible Process 

  Continuous mathematical expression for volume and Pressure may not exist. But the 

equation PVk  can be the form to use ,  and a suitable value of k can be chosen . The chosen 

value of k is usually limited over a range of conditions. 

Examples 
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A pump draws a solution of specific gravity 1.84 from a storage tank to a large reservoir 

through a 7.5 cm pipe. The velocity in the section line is 1.0 m/s. The pump discharges 

through a 5.0 cm pipe into an over head tank. The end of the discharge is 15.25m above the 

level of the solution in the feed tank. Friction losses in the entire system are 3.0 m of the 

solution.  

Calculate:   a- the pressure developed by pump 

        b-the theoretical horse power of the pump   

solution: 

𝑋𝐴 +
𝑈𝐴

2

2𝛼𝑔
+

𝑃𝐴

𝜌𝐴
−  𝐹 + 𝑊𝑠 = 𝑋𝐵 +

𝑈𝐵
2

2𝛼𝑔
+

𝑃𝐵

𝜌𝐵
 

𝑃𝐴 = 𝑃𝐵 = 1 atmospheric pressure, 𝛼 = 1 

UA = 0; 𝑈𝐵 =  
𝑈𝑠𝑒𝑐𝑡𝑖𝑜𝑛− 𝐴𝑠𝑒𝑐𝑡𝑖𝑜𝑛

𝐴𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
=  

𝑈𝑠𝐴𝑠

𝐴𝐵
=

𝑈𝑠𝑑𝑠
2

𝑑𝐵
2 =

1 𝑥(7.5𝑥10−2)2

(5.0𝑥10−2)2
= 2.25 𝑚/𝑠 

𝑋𝐴 = 0  𝑋𝐵 = 15.25 𝑚 

Substituting in the equation 

0 + 0 + (−3.0) + 𝑊 =
(2.25)²

2𝑥9.8
+ 15.25 𝑊𝑠 = (3.0 +

(2.25)2

2𝑥9.8
+ 15.25) 𝑚 of solution 

𝑊𝑠 = 18.508 m of solution  = 1840 kg/m3 

Pressure developed by pump  = 18.508 𝑠𝑜𝑙𝑛 𝑥1840 
𝑘𝑔

𝑚3𝑠𝑜𝑙𝑛
 𝑥 9.8

𝑁

𝑘𝑔
= 3.337 𝑥105 𝑁/𝑚² 

ie developed by the pump is 𝑃 = 𝜌𝑋𝑔,  ie X= height of liquid column and g = 9.8 m/s 
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b-theoretical house power of the pump power of solution ie head by pump = 18.508 m 

solution. 

Power = work done in lifting solution per second 

Volume of solution transferred: 

= 𝑄 = 𝑈𝐵𝐴𝐵 =
𝜋𝑑𝐵

2

4
𝑈𝐵 = 𝜋 𝑥 (5.0 𝑥10−2)2𝑥 

2.25

4
=

1.767 𝑥10−2

4
 (𝑚2𝑥

𝑚

𝑠
) 

𝑤𝑜𝑟𝑘

𝑠𝑒𝑐𝑜𝑛𝑑
= 𝜌𝑄𝑔𝑋 ;  𝑋 = 18.508 𝑚 𝑠𝑜𝑙𝑛;  𝜌 = 1.84 𝑥1000 𝑘𝑔/𝑚3 

𝑤𝑜𝑟𝑘

𝑠𝑒𝑐𝑜𝑛𝑑
= 1840 𝑥1.767𝑥10−2 𝑥 9.8𝑥18.508 (

𝑘𝑔

𝑚3
)(

𝑚3

𝑠
)(

𝑚

𝑠2
)(𝑚) 

=
5897.12

4

𝐽

𝑠
=  

5897.12

4
 𝑊 = 1474.28 W 

 

 Work done by pump = 1474.28 W = 1.474 kW 

1 ℎ𝑝 = 0.7455 𝑘𝑊    1 𝑘𝑊 = 1.341 ℎ𝑝      𝑤𝑜𝑟𝑘 𝑑𝑜𝑛𝑒 𝑏𝑦 𝑝𝑢𝑚𝑝 = 1.977 ℎ𝑝 
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CHAPTER V: FRICTION IN PIPE AND CHANNELS 

I- Introduction 

Fluid transfer through pipes and channels is very essential in the process industry. For 

example: 

- Transfer of petroleum over long distance through pipes 

- Movement of water through channels 

The flows can be laminar or turbulent depending on whether the velocity of flow is low or 

high. 

Turbulent flows are quite useful in the process industry because they help in mixing up the 

stream. 

Flow over a surface 

 

Consider 

Fluid, flowing with velocity Us gets to a surface. The element of fluid on contact with surface 

are brought to rest, adjacent layers to it are retarded. The velocity increases from the surface 

until a certain distance from the surface when it becomes Us, the stream velocity. 

The further down-stream the fluid flows, the more the distance of the increasing velocity from 

the wall. (i.e. the greater the value of y for which Ux is increasing). The line OA is called the 

boundary layer. It divides the stream in to two sections; 

 The lower part, in which the velocity in increasing with distance from the wall. 

 The upper part, in which the velocity is approximately equal to Us 
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Definition of boundary layer: the boundary layer thickness is the thickness such that the 

stream velocity at the outer edge is 99 % of the stream velocity. The boundary layer thickness 

Ϩ at the distance x from the leading edge of the surface is dependent on the Reynolds number 

for the flow. 

II. Flow in pipe 

Consider that a fluid flowing with uniform speed enters a pipe. The layers of fluid 

adjacent to the walls slow down (as above), forming a boundary layer at the entrance. The 

thickness increases as the fluid moves further in to the pipe, such that at same distance from 

the month of pipe, the thickness of boundary equals the pipe radius. 

Recall Newton’s law; for Newtonian fluid, 

Ʈ
𝑦𝑥

= −µ
𝑑𝑈𝑥

𝑑𝑦
≡ 𝑅𝑦 

For non-Newtonian fluids: 

Ʈ
𝑦𝑥

= 𝑅𝑦 = −𝐾(
𝑑𝑈𝑥

𝑑𝑦
)𝑛 

Ʈ
𝑦𝑥

≡ 𝑅𝑦 = shear stress at a distance y from the wall. 

K = measure of consistency of fluid 

The difference between n and l indicates the extent of departure from Newtonian behavior, ie 

n ˃ l or n ˂ l 

III. Pressure drop in pipes and shear stress 

Definition: hydraulic gradient,𝑖 = ℎ𝑓/𝑙, hf = head loss due to pressure. 

ℎ𝑓/𝑙  = head loss per unit length 

To relate the pressure drop (−∆𝑃𝑓) to the shear stress at the walls, Ro we take a force balance. 

At wall 𝑅𝑜 = µ(
𝑑𝑈𝑥

𝑑𝑦
)𝑦=0; − ∆𝑃𝑓𝜋𝑟2 = 2𝜋𝑟𝑙(−𝑅𝑜) ⇒ 𝑅𝑜 = ∆𝑃𝑓(𝑟/2𝑙) 

III.1 Friction factor, Φ 

Defined as:  
𝑅

𝜌𝑈²
 . It is a dimensionless number 
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Plotting 
𝑅

𝜌𝑈²
 as a function of Re number give, friction values for pipes.  i.e. for any Re, and 

using friction charts gives values of the friction factors, which are to be used in the energy 

balance equation for fluid flow. 

Hence, heat loss in pressure due to friction 

−∆𝑃𝑓 = 4 (
𝑅

𝜌𝑈2
) (

𝑙

𝑑
) (

𝜌𝑈2

1
), l =length of pipe, d = diameter of pipe 

Energy loss per unit mass: 𝐹 = −
∆𝑃𝑓

𝜌
= 4 (

𝑅

𝜌𝑈2
) (

𝑙

𝑑
) (𝑈2) = 4𝛷 (

𝑙

𝑑
) 𝑈2 

∆𝑃𝑓 is obtained by evaluating  
𝑒

𝑑
, and from the Re number, Φ is obtained from friction charts.  

𝑒

𝑑
  is a dimensionless number: 

e = a length representing the magnitude of the surface roughness. E.g. smooth brass pipe, e = 

0.9, old river ted steel pipe, e = 2.5 

From   𝐹 = −
∆𝑃𝑓

𝜌
, the heat loss due to friction, hf is obtained as: ℎ𝑓 =

𝐹

𝑔
= −

∆𝑃𝑓

𝜌𝑔
=

8𝛷 (
𝑙

𝑑
) (

𝑈2

2𝑔
) 

III.2 Friction losses for incompressible fluids (other factor) 

i- Sudden enlargement of pip 

−∆𝑃𝑓 =  
𝜌𝑈1

2

2
[1 − (

𝐴1

𝐴2
)]² 

For very large A2 

−∆𝑃𝑓 =  
𝜌𝑈1

2

2
 

Ie −∆𝑃𝑓 =  
𝜌

2
(𝑈1 − 𝑈2)2 ⇒ ℎ𝑓 =

(𝑈1−𝑈2)2

2𝑔
 

ii- Sudden contraction 

−∆𝑃𝑓 =  
𝜌𝑈1

2

2
[

1

𝐶𝑐
− 1]² 
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ℎ𝑓 =  
𝜌𝑈2

2

2
[

1

𝐶𝑐
− 1]² 

Cc = coefficient of conraction = 
𝐴𝑐

𝐴2
 

Cc varies between 0.67 to 1 as pipe diameter ratio varies from 0 to 1. 

iii-  Pipe fitting, elbows, bends etc: They have different values for the roughness factor 

e. 

 

Example: 

Find the pressure gradient required to cause N,N- diethylamine (C6H5N(C2H5)2) to 

flow in a horizontal circular tube of inside diameter 3 cm at a volume flow rate of Q = 1.1 

liters/sec at 20 °C. Density of diethylamine at 20 °C is ρ = 0.935 cm-3 and its viscosity is µ = 

1.95 cp (ie. µ = 1.95 x 10-2 g cm-1sec-1). 

Solution 

−
∆𝑃𝑓

𝐿
= 4𝛷 (

𝑙

𝑑
) 𝜌𝑈2 ≡ 4 (

𝑅

𝜌𝑈2
) (

𝜌𝑈2

𝑑
) 

To find Φ; the friction factors, we find the Re number, and then obtain Φ 

From tables charts 

𝑅𝑒 =
𝑑𝑈²𝜌

𝜇
=

4𝑄𝜌

𝜋𝑑𝜇
𝑖𝑒  𝑄 = 𝐴𝑈 =

𝜋𝑑²𝑈

4
⇒ 𝑈 =

4𝑄

𝜋𝑑²
 

𝑅𝑒 =
4 (1.1𝑥103𝑐𝑚3𝑠−1)(0.935 𝑔𝑐𝑚−3)

𝜋(3 𝑐𝑚)(1.95𝑥10−2)𝑔𝑐𝑚−1𝑆−1
= 2.24 𝑥104 

⇒from chart’s at Re = 2.24 x 104 and for a smooth tube, Φ = 0.0063 

−
∆𝑃

𝐿
=

4𝛷

𝑑
𝜌𝑈² =  

4𝛷𝜌(4𝛷)²

𝜋²𝑑5
 

=
4 (0.0063)(0.935𝑥103𝑘𝑔𝑚−3)(1100𝑥10−6𝑚3𝑆−1)2𝑥16

𝜋²(3𝑥10−2𝑚)5
=  

5975

𝜋

𝑁

𝑚3

⇒ 1901.9
(𝑁. 𝑚−2)

𝑚
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−
∆𝑃

𝐿
= 0.143 (𝑚𝑚𝐻𝑔)/𝑐𝑚 

IV. Flow and pressure measurement 

Parameters that can be measured to give information about a flowing stream: 

- Flowrates 

- Pressures 

- Temperatures 

Types of readings obtained: 

- Instantaneous reading, e.g. temperature and pressure 

- Cumulative readings, e.g. flowrate 

Industrially, reading may be kept fixed by using controllers (ie. Control systems) 

IV.1 Measurement of pressure 

Types of pressure: static pressure and pressure 

a- Static pressure 

No motion, hence kinetic energy and frictional losses are zero 

Energy balance 

𝑉𝑑𝑃 + 𝑔𝑑𝑧 = 0 

i- For compressible fluids, V is constant 

Implication: pressure difference can be given in terms of the height of vertical column of fluid 

ii- Incompressible fluid that behaves as an ideal gas: 

For isothermal condition. 

𝑃1𝑉1 ln (
𝑃2

𝑃1
) + 𝑔(𝑍2 − 𝑍1) = 0  ⇒ ln (

𝑃2

𝑃1
) =

𝑔

𝑃1𝑉1

(𝑍1 − 𝑍2) =
𝑔𝑀

𝑅𝑇
(𝑍1 − 𝑍2) 

 

𝑃2

𝑃1
= exp [

𝑔𝑀

𝑅𝑇
(𝑍1 − 𝑍2)] = exp (−

𝑔𝑀

𝑅𝑇
(𝑍2 − 𝑍1)) 
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Equation 3 show the pressure distribution for an isothermal process for an ideal gas can be 

obtained. 

Precaution to take when measuring static pressure in a moving fluid. 

- Measuring surface should be parallel to the flow direction. 

Reason: so that no kinetic energy be converted to pressure energy 

- For fluid flowing in circular pipe, the measuring surface must be perpendicular to the 

radial direction at any point. 

- The pressure connection must flush with the wall of the tube (pipe) 

Reason: so as to minimize the disturbance of the flow ie pressure is measured near the wall 

where velocity in minimum. 

- The static pressure must be measured at a distance not less than 50 diameters from 

bends or obstructions, so that flow lines are parallel to tube wall. 

- Piczomter tube should have a narrow diameter. This is as maintain accuracy. 

IV.2 Pressure measuring devices 

Manometers: 

- The simple manometer 

- The inverted manometer 

- The inclined manometer 

- The two-liquid manometer 

- The bourdon guage 

V. Measurement of fluid flow 

Basis of most common types of flowrate measuring instruments (flowmeter) 

- Fluid is either accelerated or retarded at the measurement section. This is 

accomplished by reducing the flow area, giving rise to a change in kinetic energy, which is 

measured by recording the pressure difference. 

Examples: 

- The pitot tube 

- The orifice meter 
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- The Venturi meter 

- The nozzle 

- The notch and weir 

The Pitot tube  

A small element of fluid is brought to rest at an orifice which is situated at right angles to the 

direction of flow. Flowrate is obtained is obtained from the difference between the impact and 

static pressure. 

 

The orifice meter, the nozzle and the Venturi meter 

Fluid is accelerated by causing it to flow an constriction, thereby increasing the kinetic energy 

as well as decreasing the pressure difference. Flow rate is obtained by taking the pressure 

difference. 

Energy balance 

𝑈2
2

𝑍𝛼2
−

𝑈1
2

𝑍𝛼1
+ 𝑔(𝑍2 − 𝑍1) + ∫ 𝑉𝑑𝑃 + 𝑊𝑠 +  𝐹 

Mass flow rate 

𝐺 = 𝑈1𝐴1𝜌1 = 𝑈2𝐴2𝜌2 

𝐺 =
𝑈1𝐴1

𝑉1
=

𝑈2𝐴2

𝑉2
 

Neglecting frictional losses, and knowing that no work is done on surrounding, 

F = 0, Ws = 0 

Equations (4) become: 

𝑈2
2

2𝛼2
−

𝑈1
2

2𝛼1
= 𝑔(𝑍2 − 𝑍1) − ∫ 𝑉𝑑𝑃

2

1
 …………………………………….………………. (7) 
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Substituting for U1 from equation (6), 𝑈1 =
𝐴2

𝐴1
𝑈2 

𝑈2
2

2𝛼2
−

𝐴2
2

𝐴1
2 𝑈2

2 = 𝑔(𝑍2 − 𝑍1) − ∫ 𝑉𝑑𝑃
2

1

 

a- For incompressible fluid, ∫ 𝑉𝑑𝑃
2

1
= 𝑉(𝑃2 − 𝑃1) 

𝑈2
2 =

2𝛼2[𝑔(𝑍2−𝑍1)+𝑉(𝑃2−𝑃1)]

1−
𝛼2
𝛼1

(
𝐴2
𝐴1

)2
 ………………..…………………………….…… (8) 

For horizontal flowmeter r, 𝑍2 ∓ 𝑍1 = 0 

𝑈2
2 =

2𝛼2𝑉(𝑃2−𝑃1)

1−
𝛼2
𝛼1

(
𝐴2
𝐴1

)2
𝑈2 = √

2𝛼2𝑉(𝑃2−𝑃1)

1−
𝛼2
𝛼1

(
𝐴2
𝐴1

)2
   …………………………..…… (9) 

Mass flowrate 

𝐺 =  
𝑈2𝐴2

𝑉2
=

𝐴2

𝑉2
√

2𝛼2𝑉(𝑃2−𝑃1)

1−
𝛼2
𝛼1

(
𝐴2
𝐴1

)2
  …………………………………………………………. (10) 

b- Isothermal flow of ideal gas 

∫ 𝑉𝑑𝑃
2

1
=  𝑃1𝑉1ln (

𝑃2

𝑃1
)………………………………………………………... (11) 

And 𝑈1 =
𝑉1𝐴2

𝑉2𝐴1
𝑈2 ……………………………………..………………………………. (12) 

Taking Z1 = Z2 = 0 

𝑈2 = √
2𝛼2𝑃1𝑉1ln (

𝑃2
𝑃1

)

1−
𝛼2
𝛼1

(
𝑉1𝐴2
𝑉2𝐴1

)2
 ………………………………………….………………………. (13) 

And 𝐺 =  
𝑈2𝐴2

𝑉2
=

𝐴2

𝑉2
√

2𝛼2𝑃1𝑉1ln (
𝑃2
𝑃1

)

1−
𝛼2
𝛼1

(
𝑉1𝐴2
𝑉2𝐴1

)2
…………………………….……………………… (14) 

c- Non-isothermal flow: Ideal gas 

PVk = constant 

∫ 𝑉𝑑𝑃
2

1
=  𝑃1𝑉1

k

k−1
[(

𝑃2

𝑃1
)

𝑘−1

𝑘 − 1] …………………………..……………… (15) 

𝑈2 = √
2𝛼2𝑃1𝑉1(

k

k−1
)[(

𝑃2
𝑃1

)
𝑘−1

𝑘 −1]

1−
𝛼2
𝛼1

(
𝑉1𝐴2
𝑉2𝐴1

)2
 ……………………………………...……….. (16) 
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And 𝐺 =  
𝑈2𝐴2

𝑉2
=

𝐴2

𝑉2

√
2𝛼2𝑃1𝑉1(

k

k−1
)[(

𝑃2
𝑃1

)
𝑘−1

𝑘 −1]

1−
𝛼2
𝛼1

(
𝑉1𝐴2
𝑉2𝐴1

)2
 ……………………………………..…….. (17) 

CHAPTER VII: HEAT TRANSFERT 

Heat transfer 

Definition:  

Heat transfer is the science which seeks to predict the energy transfer that may take place 

between material bodies as a result of a temperature difference. 

Heat transfer seeks to: 

- Explain how heat energy may be transferred and the rate at which the transfer will take 

place under certain specified condition 

I. Comparison between heat energy may be and thermodynamics 

- In heat transfer, the objective is the rate of transfer, while thermodynamics deals with 

systems in equilibrium; 

- Thermodynamics may be used to predict the amount of heat required to change a 

system from one equilibrium state to another, while the heat transfer may be used to predict 

how fast the change will take place. 

Modes of heats transfer: 

- Conduction 

- Convection 

- Radiation 

II. Conduction heat transfer 

Fourier’s law 

The rate of heat transfer per unit area is proportional to the normal temperature gradient 
𝑞

𝐴
𝛼

𝑑𝑇

𝑑𝑥
 

……………………………………… (1) 


𝑞

𝐴
= −𝐾

𝑑𝑇

𝑑𝑥
  …………………………………… (2) (one dimensional heat flow) 

𝑑𝑇

𝑑𝑥
  =  temperature gradient in direction of heat flow 
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𝐾= constant of proportionality called the thermal conductivity of the material 

The negative sign in the expression denote that the flow of heat must be downhill. 

 

One dimensional steady-state conduction 

a- Plane wall 

 

Equation 3 supposes that thermal conductivity is constant, but suppose that thermal 

conductivity is some linear relation in T such as: 

𝑘 = 𝑘0(1 + 𝛽𝑇) 

Then, integrating the Fourier’s equation gives 

𝑞 = −
𝑘𝐴

∆𝑥
[(𝑇2 − 𝑇1) +

𝛽

2
(𝑇2

2 − 𝑇1
2)] 

 

Conduction through wall of composite material 

Sketch showing direction of heat flow 

for a one dimensional flow 

Fourier’s law: 

𝑞

𝐴
= −𝑘

𝑑𝑇

𝑑𝑥
 ……………………… (1) 

𝑞𝑑𝑥 = −𝑘𝐴𝑑𝑇 

Integrating gives 

𝑞 = −
𝑘𝐴

∆𝑥
(𝑇2 − 𝑇1) …………………… (3) 
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Rate of heat flow is constant through each material, hence for each material, we write q as: 

𝑞 = −
𝑘𝐴𝐴

∆𝑥𝐴
(𝑇2 − 𝑇1) = −𝑘𝐵𝐴 (

𝑇3−𝑇2

∆𝑥𝐵
) = −𝑘𝑐𝐴 (

𝑇4−𝑇3

∆𝑥𝑐
) …………………………………… (4) 

T1 and T4 can be measured, so T2 and T3 should be eliminated by solving equation 4 

simultaneously this gives, the flowrate through the composite material is: 

𝑞 =
𝑇1−𝑇4

∆𝑥𝐴
𝑘𝐴𝐴

+
∆𝑥𝐵
𝑘𝐴𝐴

+
∆𝑥𝐶
𝑘𝑐𝐴

 …………………………………………………………………. (6) 

Analogy of Fourier’s law with Ohm’s laws 

Recall Ohm’s law 

𝐼 =
𝑉

𝑅
𝑖𝑒𝑐𝑢𝑟𝑟𝑒𝑛𝑡𝑓𝑙𝑜𝑤 =

𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑒𝑙𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒

𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒
 

For Fourier’s law 

Heat flow is analogous to current flow temperature difference, which is the driving force for 

heat flow is analogous to the potential difference. The combination of thermal conductivity, 

thickness of material and area are analogous to resistance. 

Ie 𝑞 = −
𝑘𝐴(𝑇2−𝑇1)

∆𝑥
≡

𝑇1−𝑇2
∆𝑥

𝑘𝐴

……………………………………………………………….. (7) 

Heat flow=
𝑡ℎ𝑒𝑟𝑚𝑎𝑙𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑒𝑙𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒

𝑡ℎ𝑒𝑟𝑚𝑎𝑙𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒
 

Thermal resistance, 𝑅𝑡ℎ =
∆𝑥

𝑘𝐴
 …………………………………………………………… (8) 

Equation (6) can be written as: 𝑞 =
∆𝑇

𝑅𝐴+𝑅𝐵+𝑅𝐶
 ………………………………………….. (9) 
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The electrical analogy can be used to solve more complex problems involving both series and 

parallel thermal resistances. 

Example 

 

𝑞 =
∆𝑇𝑜𝑣𝑒𝑟𝑎𝑙𝑙

∑ 𝑅𝑡ℎ
 

b- Heat flow through radial systems cylindrical 

Heat transfer is from inside going outwards 

Application: 

Heating transfer through tube heat exchangers 

Length: L, inside radius ri, outside radius r0, 

inside temperature Ti and outside temperature 

T0 
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Analogy,  

Heat flow is in the radial direction 

Fourier’s law: 𝑞𝑟 = −𝑘𝐴𝑟
𝑑𝑇

𝑑𝑟
  ……………………………………………………….... (9) 

But 𝐴𝑟 = 2𝜋𝑟𝐿      𝑎𝑡 𝑎𝑛𝑦 𝑟𝑎𝑑𝑖𝑢𝑠 𝑟 

Boundary conditions 

T = Ti  at r = ri  

T = T0 at r = r0 …………………………….…………………………………………. (10) 

Hence, 𝑞𝑟 = −𝑘2𝜋𝐿𝑟
𝑑𝑇

𝑑𝑟
𝑞𝑟

𝑑𝑟

𝑟
= −2𝜋𝑘𝐿𝑑𝑇 

Integrating: ∫ 𝑞𝑟
𝑑𝑟

𝑟

𝑟0

𝑟𝑖
= −2𝜋𝑘𝐿 ∫ 𝑑𝑇

𝑇0

𝑇𝑖
 

𝑞𝑟𝑙𝑛
𝑟0

𝑟𝑖
= 2𝜋𝑘𝐿(𝑇𝑖 − 𝑇0)𝑞𝑟 =  

2𝜋𝑘𝐿(𝑇𝑖−𝑇0)

𝑙𝑛
𝑟0
𝑟𝑖

  …………..………………….. (11) 

The thermal resistance, 𝑅𝑡ℎ =
𝑙𝑛

𝑟0
𝑟𝑖

2𝜋𝑘𝐿
 ………………………………………………….. (12) 

For the multiple layer cylindrical walls, the relationship for the heat flow is as follows. 

 

Spherical systems 

 

𝑞 =
2𝜋𝐿 (𝑇1−𝑇4)

ln (
𝑟2

𝑟1⁄ )

𝑘𝐴
+

ln (
𝑟3

𝑟2⁄ )

𝑘𝐵
+

ln (
𝑟4

𝑟3⁄ )

𝑘𝐶

 ……………………………….. (13) 

𝑅𝐴 =
ln (

𝑟2
𝑟1

⁄ )

2𝜋𝐿𝑘𝐴
;  𝑅𝐵 =

ln (
𝑟3

𝑟2
⁄ )

2𝜋𝐿𝑘𝐵
;  𝑅𝐶 =

ln (
𝑟4

𝑟3
⁄ )

2𝜋𝐿𝑘𝐶
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When the temperature is a function of radius alone, then, it may be treated as one- 

dimensional. Heat flow equation:  𝑞 =
4𝜋𝑘(𝑇𝑖−𝑇0)

1

𝑟𝑖
−

1

𝑟0

  ………...…………………………… (14) 

 

III. Heat transfer by convection 

Convection 

Heat is transferred by the movement of the fluid in the form of eddies or circulation currents. 

Natural convection 

Situation in which the flow of fluid is due to the heat transfer itself. 

Forced convection 

The circulating currents are due to an external agent, example of external agent: 

agitator in reactor, fan or blower, tuberlent flow in a pipe. 

Heat flows through the pipe wall by conduction through a liquid or gas film, and then through 

the pipe wall. 

𝑞 =
𝑘𝐴(𝑇1−𝑇2)

∆𝑥
 ………………………………………………………………….………. (15) 

Where ∆𝑥 = effective thickness of the film. ∆𝑥 is not generally know, but it is approximately 

proportional to 𝑅𝑒
0.2. But the rate of heat transfer is generally written as  

𝑞𝑐𝑜𝑛 = ℎ𝐴(𝑇1 − 𝑇2) ………………………………………….………………………. (16) 

h = heat transfer coefficient for the film 

Units of h: W/m²K 

Electrical analogy:  𝑞 =  
(𝑇1−𝑇2)

1
ℎ𝐴⁄

    ………………………………………………….. (16 a) 

Thermal resistance by convection is 𝑅𝑡ℎ = 1
ℎ𝐴⁄   ……………………………..….. (16 b) 

IV. Overall heat-transfer coefficient 
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In the chemical industry, heat is often transferred from a fluid one side of a tube or wall to a 

fluid on another side. 

There is a thin on each side of the wall which resists heat flow. The overall heat transfer by 

combined conduction and convection is: 

𝑞 = 𝑈𝐴∆𝑇𝑜𝑣𝑒𝑟𝑎𝑙𝑙  …………………………………………………………………..……. (17) 

U = overall heat-transfer coefficient (defined by equation 15), Units of U = W/m².K ; U is a 

function of h1, h2 and K, where h1 and h2 are individual heat-transfer coefficients. 

∆𝑇𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = ∆𝑇1 + ∆𝑇2 + ∆𝑇3 

𝑞 =  ℎ1𝐴∆𝑇1 ⇒ ∆𝑇1 =
𝑞

ℎ1𝐴
 

𝑞 =
𝑘𝐴∆𝑇2

∆𝑥
⇒ ∆𝑇2 = 𝑞

∆𝑥

𝑘𝐴
 

𝑞 =  ℎ2𝐴∆𝑇3 ⇒ ∆𝑇3 =
𝑞

ℎ2𝐴
 

The thermal resistance for the system is 𝑅𝑡ℎ =
1

𝑈𝐴
  …………………………………. (19) 

𝑈 =
1

1

ℎ1
+

∆𝑥

𝑘
+

1

ℎ2

 ……………………………………………………………………….…. (20) 

h has the same unit as U 

c- Hollow cylindrical tube exposed to convective streams 

Resistance analogue 

𝑞 =  
𝑇𝐴 − 𝑇𝐵

1

ℎ𝑖𝐴𝑖
+

ln (𝑟𝑜 𝑟𝑖)⁄

2𝜋𝑘𝐿
+

1

ℎ𝑜𝐴𝑜

 

ie U depends on the outer or inner radius 

of the pipes 

Based on inner radius 

𝑈𝑖 =
1

1

ℎ𝑖
+

Ailn (𝑟𝑜 𝑟𝑖)⁄

2𝜋𝑘𝐿
+

1

ℎ𝑜

𝐴𝑖

𝐴𝑜

 

⇒∆𝑇𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = ∆𝑇1 + ∆𝑇2 + ∆𝑇3 

= 𝑞(
1

ℎ1𝐴
+

∆𝑥

𝑘𝐴
+

1

ℎ2𝐴
) 

⇒𝑞 =
∆𝑇𝑜𝑣𝑒𝑟𝑎𝑙𝑙

1

ℎ1𝐴
+

∆𝑥

𝑘𝐴
+

1

ℎ2𝐴

  …………..……….. (18) 
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And based on the outer radius of pipes 

𝑈𝑜 =
1

𝐴𝑜

𝐴𝑖

1

ℎ𝑖
+

Aoln (𝑟𝑜 𝑟𝑖)⁄

2𝜋𝑘𝐿
+

1

ℎ𝑜

 

 

 

V. Heat transfer by radiation 

 

Consider a heated body. It emits energy in the form of 

electromagnetic waves. The energy emitted is an all 

directions. 

Consider that the radiation emitted falls on a second body. 

Part of it is reflected part is absorbed and part is 

transmitted. 

Absorptivity, a = fraction of incident radiation that is 

adsorbed  

Reflectivity, ρ = fraction of incident radiation that is 

reflected 

Transmitivity, Ʈ = fraction of incident radiation transmitted. 

 a + ρ +Ʈ = 1 

Opaque object: Object or material for which the amount transmitted is negligible. ⇒ a + ρ = 1 

(ie most solid bodies do not transmit radiation ⇒ Ʈ = 0). 

Kirchoff’s law 

Large enclosure for which Q = 0 (no energy loss to 

environment) 

A and B are in the enclosure. Their areas are A1 and 

A2 respectively. 

A adsorbs energy from the enclosure, and it also 

gives out energy. 
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Energy adsorbed by A is A11a11I’ 

I’ = rate at which radiation is falling on A per unit area 

a1= Absorptivity 

Energy given out by A= E1A1 

E1 = emissive power of A, it is the energy emitted per unit area per time. 

At equilibrium, the energy absorbed will be equal to the energy emitted. 

Ie 𝐴1𝑎1𝐼′ = 𝐸1𝐴1 

Similarly for B 

𝐴2𝑎2𝐼′ = 𝐸2𝐴2 

⇒
𝐸1

𝑎1
=

𝐸2

𝑎2
=

𝐸

𝑎
 

Hence, for anybody, the ratio of the emissive power to the Absorptivity is constant. Maximum 

value for E occurs when a = 1. A body with a = 1 is called a black body. A black body is one 

that absorbs all the radiation fooling on it ie the Absorptivity of a black body is ab and this 

gives a value of 1. Emissivity, e of a body is the ratio of its emitting power to that of a black 

body ie 𝑒 =
𝐸

𝐸𝑏
  but 

𝐸

𝑎
 is constant, Hence 𝑒 =

𝐸

𝐸𝑏
=

𝑎

𝑎𝑏
= 𝑎 ……………............ (27), but ab = 1 

⇒ e = 1 

Stefan – Boltzmann law 

The total energy emitted per unit area per time is proportional to the fourth power of the 

absolute temperature of the body. 

𝐸 = 𝜎𝑇4 ………………………………………………………………………..……… (28) 

𝜎 = proportionality constants called the Stefan – Boltzmann constant. 

𝜎 = 5, 67x10-9 W/m2.K4 

Black body 

A black emits energy; the rate of energy emitted per unit time depends on its temperature. 
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λmax is the wavelength at which the maximum energy is emitted for any given temperature. 

According to weir,λmax varies inversely as the absolute temperature. 

λmax T = 2897,6 µm.K ……………………………………………….. (29) 

(λmaxT = 5215,6 µm °R) 

This statement is called the Wein’s displacement law 

Questions 

1- Given that 𝑘 = 𝑘0(1 + 𝛽𝑇) where β is a constant, show that the rate of heat flow 

through a one-dimensional plane wall is: 

𝑞 = −
𝑘𝐴

∆𝑥
[(𝑇2 − 𝑇1) +

𝛽

2
(𝑇2

2 − 𝑇1
2)] 

2- Given the composite wall made up of three substance A, B and C of thermal 

conductivities kA, kB, and kC respectively, and thicknesses, ΔxA, ΔxB, ΔxC, show that: 

𝑞 =
𝑇1 − 𝑇4

∆𝑥𝐴

𝑘𝐴𝐴
+

∆𝑥𝐵

𝑘𝐵𝐴
+

∆𝑥𝑐

𝑘𝐶𝐴

 

3- An exterior wall of house consists of a 4- in layer of common brick (k = 0.7 W/ m.K) 

followed by 1.5 –in layer of gypsum plaster (k = 0. 48 W/ m.K). It is required that you 

reduce the heat loss organ by 80 % by using a loosely packed rock-wood insulation (k 

= 0. 065 W/ m.K). What is the thickness you would use? 

Solution 

𝑞1 =
∆𝑇

∑ 𝑅𝑡ℎ1

   , (𝑅𝑡ℎ1
= thermal resistance without insulation)  

𝑞2 =
∆𝑇

∑ 𝑅𝑡ℎ2

   , (𝑅𝑡ℎ2
= resistance with insulation) 

𝑞2

𝑞1
= 0.2 =

∑ 𝑅𝑡ℎ1

∑ 𝑅𝑡ℎ2

    ⇒  ∑ 𝑅𝑡ℎ1
= 𝑅𝑏(𝑏𝑟𝑖𝑐𝑘) + 𝑅𝑃(𝑝𝑙𝑎𝑠𝑡𝑖𝑐) 

𝑅𝑏 =
∆𝑥𝑏

𝑘𝑏
=

4𝑥0.0254

0.7
= 0.145

𝑚²𝐾

𝑊
 

𝑅𝑝 =
∆𝑥𝑝

𝑘𝑝
=

1.5𝑥0.0254

0.48
= 0.079

𝑚²𝐾

𝑊
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∑ 𝑅𝑡ℎ1
= (0.145 + 0.079)

𝑚2𝐾

𝑊
= 0.224

𝑚2𝐾

𝑊
 

Thermal resistance with insulation 

∑ 𝑅𝑡ℎ2
= 𝑅𝑏 + 𝑅𝑃 + 𝑅𝑟𝑤(𝑟𝑜𝑐𝑘 𝑤𝑜𝑢𝑙 𝑖𝑛𝑠𝑢𝑡𝑖𝑜𝑛) = 0.224 + 𝑅𝑟𝑤 

But      
∑ 𝑅𝑡ℎ1

∑ 𝑅𝑡ℎ2

= 0.2    ⇒  
0.224

0.224+𝑅𝑟𝑤
= 0.2   ⇒ 𝑅𝑟𝑤 = 0.898 

𝑚2𝐾

𝑊
 

𝑅𝑟𝑤 =
∆𝑥𝑤

𝑘𝑟𝑤
      ⇒  ∆𝑥𝑤 = 𝑅𝑟𝑤 𝑥 𝑘𝑟𝑤 = 0.065 𝑥0.898 = 0.0584 𝑚 (≈ 2.30 𝐼𝑛) 

Thickness of insulation = 2. 30 In 

4- A thick walled tube of stainless steel (k = 1) with z-cm inner diameter and 4. In outer 

diameter is covered with a 3 cm layer of asbestos insulation (k = 0.2 W/ m.K). The 

inside wall temperature the pipe is maintained at Ti = 600 °C and the outside of the 

insulation is 100 °C. Calculate the heat loss per unit foot of length. 

5- The thermal conductivity of graphite varies with temperature as 𝑘 = 𝑘𝑜 − 𝛼𝑇. 

Experimentally, it is only possible to get the mean conductively over a temperature 

range. 

The values are given below 

T °C 390 500 1000 1500 

Km (W/m °C) 141 138 119 115 

 

Where km is determined between T and 25 °C. Find the point conductivity from the mean 

conductivity given above. 

Solution 

Point conductivity, 𝑘 = 𝑘𝑜 − 𝛼𝑇.⇒ we require the values of ko and α 

Rate of heat transfer 

𝑞 = −𝑘
𝑑𝑇

𝑑𝑥
= 𝑘𝑚

𝑇1−𝑇2

𝐿
q is constant, boundary condition 

At, x = 0, T = T1 

At, x = L, T = T1 

Substituting for k is ii 
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𝑞 = −(𝑘𝑜 − 𝛼𝑇)
𝑑𝑇

𝑑𝑥
  ⇒  −(𝑘𝑜 − 𝛼𝑇)𝑑𝑇 = 𝑞𝑑𝑥  ⇒  −𝑘𝑜𝑇 +

1

2
𝛼𝑇² = 𝑞𝑥 + 𝛽 

Using the balance component 

−𝑘𝑜𝑇1 +
1

2
𝛼𝑇1

2 =  𝛽  𝑓𝑜𝑟 𝑥 = 0 

−𝑘𝑜𝑇2 +
1

2
𝛼𝑇2

2 = 𝑞² + 𝛽    𝑓𝑜𝑟 𝑥 = 𝐿 

𝑘𝑜(𝑇2 − 𝑇1) −
1

2
𝛼((𝑇2 − 𝑇1)(𝑇2 + 𝑇1) = −𝑞𝐿 = 𝑘𝑚(𝑇2 − 𝑇1) 

⇒𝑘𝑚 = 𝑘𝑜 − 𝛼𝑇𝑚 

Where Tm is the arithmetic mean between the ends. Two unknowns α and ko, but four 

experimental values, so the values can be split into two sets. 

Rearranging 

𝑘𝑜 − 𝛼𝑇𝑚 − 𝑘𝑚 = 𝑅, 𝑇𝑜 , 𝑘 = 119 𝑎𝑛𝑑 115   ⇒  𝑇𝑚 = 512.5°𝐶 𝑎𝑛𝑑 762.3°𝐶 

𝑘𝑜 − 512.5𝛼 − 119 = 0 

𝑘𝑜 − 762.5𝛼 − 115 = 0 

2𝑘𝑜 − 127.5𝛼 − 234 = 0 

Using the two points. 

 

𝑘𝑜 − 512.5𝛼 ⇒ −119 = 0 …………………………………… (a) 

𝑘𝑜 − 76  

𝑘𝑜 − 207.5𝛼 − 141 = 0 

𝑘𝑜 − 512.5𝛼 − 119 = 0 

𝑘𝑜 − 262.5𝛼 − 138 = 0 

2𝑘𝑜 − 470𝛼 − 270 = 0 ……………………………………… (b) 

Using (a) and (b) 

α = 0.056 and 𝑘𝑜 = 152.6, the point conductivity become 𝑘 = 152.6 − 0.056𝑇 
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