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Abstract: The admission of fresh charge in the cylinder takes place due to the depression created by the piston 
movement from TDC to BDC after intake valve is opened. Because the variable flow section, the flow coefficient 
is also variable. Usually, flow coefficient through a variable section is measured experimentally. A mathematical 
relation between orifice flow coefficient and valve movement was introduced in order to compute fresh charge 
flow through the orifice controlled by the intake valve. Calculated values for cylinder pressure were compared 
with measured data. 
 
1. Pressure losses in the intake manifold 
 
 In the intake manifold fresh charge pressure drops because the friction between the 
fluid and the manifold walls and because the variation of flow direction and flow sections. 
Thus, in a normally aspirated engine the pressure of fresh charge before the intake valve is 
smaller than atmospherically pressure. 

psa=p0-Δpsa                                                                                    (1) 
where: - psa [MPa] – the pressure in front of the intake valve 
            - p0  [MPa] – the atmospherically pressure 
            - Δpsa [MPa] – the pressure drop in the intake manifold 
 The mathematical model is made for an one cylinder Diesel engine and in order to 
simplify calculation the air filter was taken out. The scheme for the system is presented in 
Figure 1. 

 
Figure 1. Computation constructive scheme 

 Pressure drop in the intake manifold, between sections I-I and II-II (see figure 1), has 
two components:  
- Δpl [MPa] – pressure drop due to friction between fresh charge and intake manifold walls 
(linear losses); 
- Δps [MPa] – pressure drop due to flow section and flow direction variations (local losses); 
 To calculate linear losses some theoretical hypothesis were made: 
- the flow in the intake manifold is considered to take place at constant temperature; 
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- the friction between the gas and the manifold walls depends on the gas flow speed and the 
quality of the walls surface (roughness);  
 The general formula for pressure losses in a fluid flow through a manifold is: 

dhp ⋅=Δ γ                                                                 (2) 
where: - Δp [Pa] – pressure losses 
            - γ [N/m3] – specific weight 
            - h [m] – charge loss 
 Total charge losses have two components: 

h=hl+hs                                                                          (3) 
where: - hl [m] – linear charge losses 
            - hs [m] – local losses due to section and flow direction variations 
 Linear charge losses are calculated with Darcy’s formula: 
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where: - λ - the coefficient of linear charge losses 
            - l [m] – the length of the manifold part (Darcy’s formula can be applied only for 
constant inner diameter manifold) 
            - D [m] – the inner diameter of the manifold 
            - W [m/s] – the flow speed 
            - g=9,81 m/s2 - gravitational acceleration  
 Flow regime is characterized by Reynolds number, which can be calculated with the 
formula: 

ν
DW ⋅
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where: - ν [m2/s] – the kinematic viscosity  
            - for W and D see formula (4) 
 For air at 293 K: 
ν=15, 1 m2/s 
 The coefficient of linear charge losses is calculated by applying Moody’s formula for 
4.103<Re<107: 
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where : - ε=δ/D 
             - δ [m] – the mean roughness of the manifold’s inner walls 
 As it is shown in figure 1 the manifold has the same inner diameter as the channel in 
the cylinder head so the entire length of the intake system is at the same inner diameter. 
 Local charge losses are calculated with Weissenbach formula: 

g
Whs ⋅
⋅=
2

2

ξ                                                                          (7) 

 The local loss is given by the change with 900 of the flow direction. In this case 
[panaitescu]: 
ξ=1,2 
 The total pressure losses will be: 
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 For air at 293 K: 
γ=11,77 N/m3 

 The fresh charge pressure in front of the intake valve pga will be: 
pppga Δ−= 0                                                                           (9) 

 
2. The flow through the orifice controlled by the intake valve 
 
 For calculating pressure losses in the intake manifold it is necessary to know the flow 
speed W from the relations (4), (5), (7) and (8). This speed is equal with that in section II-II 
(see fig.1 and fig. 2). 
 Figure 2 presents a scheme for the flow through the orifice. 

 
Figure 2. The flow through the orifice controlled by the intake valve 

 The flow rate through this orifice will be: 
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where: -  [m3/s] – the flow rate through the orifice VQ&

            - μ - the instantaneously flow coefficient of the orifice controlled by the intake valve 
            - Asa [m2] – instantaneously flow section (in section III-III from fig. 2) 
            - pga [Pa] – fresh charge pressure in section II-II (see rel. (9) 
            - pcil [Pa] – fluid pressure inside the cylinder (it’s considered to be equal with the 
pressure in section III-III from figure 2) 
            - ρ=1,204 kg/m3 – the fluid’s density at 293 K 
 The flow speed of fresh charge in section II-II will be: 
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 Introducing this value in rel. (8) the pressure losses in the intake manifold can be 
calculated. 
 The mass of fresh charge that passes through the orifice in one second will be: 

Vm QQ && ⋅= ρ                                                                               (12) 
where: -  [kg/s] – mass flow rate mQ&

For ρ and  see rel. (10). VQ&
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 To simplify calculus exhaust valve is closed in TDC and intake valve is opened at the 
same time. In this moment inside the cylinder there is a mixture of burned gases containing 
carbon dioxide (CO2), water (H2O), oxygen (O2) and nitrogen (N2). 
 The status general equation for burned gases at the end of the exhaust process is: 

egagace TRmVp ⋅⋅=⋅                                                                  (13) 
where: - pe [Pa] – burned cases pressure in the cylinder at the end of the exhaust process 
            - Vc [m3] – dead volume of the burning chamber (the volume of the burning chamber 
when the piston is at TDC) 
            - mga [kg] – the mass of burned gases situated in the cylinder at the end of the exhaust 
process 
            - Rga  [J/kmolK] – burned gases constant 
            - Te [K] – burned gases temperature at the end of the exhaust process 
 The burned gases constant is determined with the general formula: 

( )
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ν
              (14) 

where: - νga [kmol] – total number of kmols of burned gases that occupies the dead volume at 
the end of the exhaust process 
           - 

2COν , OH2
ν , 

2Oν , 
2Nν  [kmol – total number of kmols of CO2, H2O, O2, N2 that occupies 

the dead volume at the end of the exhaust process 
           - , , ,  [J/kmolK] – CO2, H2O, O2, N2 constant 

2COR OHR
2 2OR

2HR
 Now, from rel. (14) it is possible to calculate burned gases mass that’s inside the 
cylinder at the end of the exhaust process 
  
3. Instantaneously flow coefficient and flow area for the orifice controlled by the intake 
manifold  
 
 Instantaneously flow area depends on the intake valve displacement. The notations 
used to write the formulae for the flow area are presented in figure 3. 
 

 
Figure 3. Intake valve dimensions 

 There are two formulae to calculate instantaneously flow area. If the perpendicular line 
raised from point C crosses the segment AB (see fig. 3), the flow area will be: 

)2sin(5,0( γπ ⋅⋅+⋅⋅= sasasa hDhA                                                         (15) 
 If the perpendicular line raised from point C is outside the segment AB: 
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where: - D [m] – the small diameter of the valve head (equal with intake manifold inner 
diameter as it is shown in fig 3a ) 
            - D1 [m] – the big diameter of the valve head (see fig. 3a) 
            - hsa [m] – the intake valve displacement 
            - β [0] – the inclination of the valve head 
 The critical displacement, when the perpendicular line raised from point C crosses the 
segment AB in point A, is: 

)2sin(
1

γ
DD

hcr
−

=                                                                                     (17) 

 For hsa≤hcr the formula to calculate flow area will be rel. (15) and if hsa>hcr rel. (16) will 
be applied. 
 For the instantaneously flow coefficient through the orifice it’s variation with the valve 
displacement is considered to be the one from figure 4. 

 
Figure 4. Instantaneously flow coefficient variation 

 It’s obviously that: 
- for hsa≤hcr 

ϕμ tghsa ⋅=                                                                                          (18) 
- and for hsa>hcr 

( ) ψμμ tghh crsacr ⋅−+=                                                                       (19) 
 
4. Heat exchange between fresh charge and combustion chamber walls 
 
 Combustion chamber walls are heated by the hot gases burned in the previous cycle. 
At a stabilized regime wall temperature at the end of the exhaust process is almost constant. 
During the intake process fresh charge is heated due to the contact with the hot walls. 
Because of the turbulent flow inside the cylinder convective heat transfer occurs in the entire 
mass of the fluid.  
 At the end of the exhaust process residual burned gases that remains in the cylinder 
are at a temperature Te which is higher than the wall temperature Tp. So, after intake valve 
opens and the first amounts of fresh charge flow inside the cylinder, residual burned gases 
heat the fresh charge and the walls. When the quantity of residual gases becomes smaller in 
comparison with the quantity of fresh charge in the cylinder, gas temperature in combustion 
chamber drops and heat exchange takes place from the walls to the working fluid. 
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 Applying Newton’s law, the heat flux exchanged between combustion chamber walls 
and fluid in a convective heat transfer is: 

( )fp ttSQ −⋅⋅= χ&                                                                              (20) 

where: - Q [W] – heat flux &

            - χ [W/m2K] – heat exchange coefficient 
            - S [m2] – heat exchange surface 
            - tp [K] – combustion chamber walls temperature 
            - tf [K] – fluid temperature 

l
Nu fλχ ⋅=                                                                                        (21) 

where: - Nu – Nusselt non-dimensional criteria 
            - λf [W/mK] - thermal conductivity of the fluid (air) 
            - l [m] – the characteristic dimension (in this case is d the cylinder bore) 
 To calculate Nu criteria the following empirical equation determined by Dittus-Boelter 
was used: 

nNu PrRe023,0 8,0 ⋅⋅=                                                                         (22) 
where: - Re – Reynolds non-dimensional criteria  

ν
dW IIIIII ⋅

= −Re                                                                                   (23) 

- WIII-III [m/s] – fluid flow speed in section III-III (see fig. 2) 
- d [m] – cylinder inner diameter 
- ν [m2/s] – the kinematic viscosity of air 
             - Pr – Prandtl non-dimensional criteria 

f

pc
λ

η ⋅
=Pr                                                                                          (24) 

- η [Ns/m2] – the dynamic viscosity 
- cp [J/kgK] – the specific heat at constant pressure 
For λf see relation (21) 
n=0,3 if tf>tp and n=0,4 if tf<tp 
- tf [K] – the fluid temperature 
- tp [K] – the walls temperature 
 Now it is possible, by applying rel. 20, to calculate the heat exchanged between the 
working fluid and the cylinder walls in a time interval Δτ: 

τΔ⋅= QQp
&                                                                                     (25) 

- Qp [J] – the exchanged between the working fluid and the cylinder walls 
The fresh charge enters in the cylinder at the environmental temperature T0 and it’s 

heated until reaches the temperature of the fluid inside the cylinder. 
)( 0TtcmQ fpf −⋅⋅= τ                                                                         (26) 

- Qf [J] – the heat received by the fresh charge that enters in the cylinder in the time interval 
Δτ 
- mτ [kg] – the amount of fresh charge that enters in the cylinder in the time interval Δτ 
 The total heat exchanged by the working fluid in the time interval Δτ will be: 

Q=Qp-Qf                                                                                            (27) 
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 The fluid temperature inside the cylinder will be: 

pf
ff cm
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⋅
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                                                                               (28) 

- ,  [K] – the initial, respective the final temperature of the working fluid 
1f

t
1f

t
 The pressure of the working fluid inside the cylinder at one moment will be: 

α

α

α V
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p ff
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⋅⋅

=                                                                              (29) 

where: - [Pa] – the instantaneously pressure of the working fluid inside the cylinder 
αcilp

            - mα [kg] – the mass of fluid that’s inside the cylinder at that moment 
            - Rf [J/kgK] – the working fluid constant  
            - [K] – the working gas temperature 

2f
t

            - Vα [m3] – the instantaneously volume of the cylinder 

pc sdVV ⋅
⋅

+=
4

2π
α                                                                            (30) 

- Vc [m3] – the dead volume of the cylinder 
- d [m] – the cylinder inner diameter 
- sp [m] – the piston displacement 

( ⎥⎦
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⎡ −⋅

Λ
+−⋅= αα 2cos1

4
cos1rs p )                                                      (31) 

- r=S/2 [m] – where S [m] the piston stroke 
- Λ=r/b – the connecting rod ratio 
- b [m] – the connecting rod length 
- α [0] – rotational angle of the crankshaft 
 
5. The mathematical model 
 
 The initial conditions in the cylinder are the pressure and the temperature of the burned 
gases at the end of the exhaust process. For calculation the mean pressure at the end of the 
exhaust process for 1000 cycles was taken in consideration. The temperature was measured 
in the exhaust manifold. In the moment when the intake valve is opening fluid speed in 
section II-II (see fig. 2) is W=0. 
 Now it is possible to calculate the mass of burned gases that occupies the dead 
volume at the end of the exhaust process. 

ega

ce
ga TR

Vp
m

⋅
⋅

=                                                                                 (32) 

where – pe [Pa] – burned gases pressure at the end of the exhaust process 
           - Te [K] – burned gases temperature at the end of the exhaust process 
           - Rga [[J/kgK] – burned gases constant 
  With rel. (12) the mass rate of fresh charge through the orifice controlled by the intake 
valve can be calculated. Further, applying rel. (10), results the flow rate and the flow speed of 
fresh charge in section II-II is calculated with rel. (11). In the moment in which intake valve is 
opening the pressure in front of it is pga=p0 (the atmospheric pressure). The flow speed in 
section III-III is calculated with the relation: 
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 Further pressure losses and pressure in front of the intake valve are calculated.  
 The time interval for computation was fixed for 0,6 degrees of crankshaft rotation which 
corresponds to 10-4 s. The mass of fresh charge that enters in the cylinder in this time interval 
will be: 

tQm mfp Δ⋅=
α

                                                                                (34) 
 Now, with relations (25), (26) and (27) heat exchange is calculated, and after that the 
temperature 

2
 is determined with rel. (28). The pressure in the cylinder is calculated with 

(29) and it’s introduced as initial data for the next pace. 
f

t

 
6. Conclusions 
 
 To validate the model was made a comparison between calculated and measured 
pressure inside the cylinder. This is shown in figure 5. 

 
Figure 5. Comparison between calculated and measured data 

  As figure 5 shows, the model offers a sufficient precision to calculate fresh charge flow 
through the orifice controlled by the intake valve. The hypothesis that the flow coefficient has 
a linear variation is not good only when the flow section is very small, at the beginning of 
intake process. 
 This model can also be used to calculate exhaust process 
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