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Due to price constraints, small engines rely on inexpensive and mechanically-simple de-

vices for air-fuel mixture formation: carburetors. A typical carburetor consists of a complex

set of internal passages designed to deliver to the engine the correct air-fuel mixture ac-

cording to speed and load. This goal is achieved through several physical processes: flows

through passages of short length and complex geometry; flows that transition from laminar

to turbulent; high-frequency pulsating flow; two-phase flow of various forms, i.e., bubbles,

sprays and thin liquid films; and flows with changing fuel and air properties due to rapid

changes in temperature and pressure. This study addressed the theoretical modeling of the

phenomena inside the main circuit typically found in small engine carburetors. This theo-

retical study was done in two steps: first, a general one-dimensional model of the fuel flow

as a flow network was derived. This model contains the characterization of the dynamic flow

in single-phase elements and the appropriate two-phase flow model for the small diameter

pipes. The model was implemented into a one-dimensional engine simulation software, and

used to perform sensitivity analyses of carburetor performance as function of carburetor

parts.

The second part of the study contains the CFD analysis of the most important parts

found in the sensitivity analysis: the main fuel orifice and the carburetor venturi. The CFD

studies allowed to gain a better understanding of the flow characteristics in these elements,
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and their results were used to develop engineering correlations that may be implemented in

the one-dimensional model. It was found that the flow in the small metering orifices behaves

like a small pipe, which may be characterized with an inlet pressure loss coefficient and a

Darcy friction factor. The analysis of the carburetor venturi showed that the flow may be

considered isentropic from the inlet of the venturi to the venturi throat. Besides the throttle

plate, the fuel tube is the most important part controlling the flow field and the pressure

losses downstream of the venturi throat.
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Chapter 1

Introduction

1.1 Research motivation

Small utility engines are defined as engines with rated power of less than 25 hp. Every year

around 20 million units are sold solely in the United States, with additional tens of millions

sold worldwide. They are used in many human activities, including transportation, agricul-

ture, power generation and recreation. Regardless of the specific application, they must be

safe, durable, light-weight, inexpensive, fuel-efficient and clean. Constraints such as price,

low-weight and small-packaging have made it difficult for manufacturers to use technological

solutions widely used in automotive engines, like electronic control, fuel injection, exhaust

gas recirculation and exhaust after-treatment.

1.1.1 Emissions

The primary reason for controlling emissions from small engines is their role in the emissions

of unburned hydrocarbons (HC) and their contribution to the formation of tropospheric

ozone. The U.S.-EPA estimates that small spark ignition engines are responsible for approx-

imately ten percent of the U.S. HC emissions [15]. Figure 1.1-a shows the annual emission

inventory of HC’s in the U.S. since 1970, classified by sources [3]. The total amount of HC

emitted to the atmosphere has reduced since the emissions regulations in the 1970’s. A close

look at the sources indicates that the emissions from on-road sources have been effectively

reduced, despite the increased number of units on the road. This significant reduction has
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given non-road sources a larger importance; when the annual emissions are plotted as per-

centages of total annual emissions, it can be seen that the share of the non-road sources

has steadily increased until reaching ≈ 10% (see Figure 1.1-b). Furthermore, a close look at

the composition of the population of the emissions from non-road sources, the small spark

ignition engines are the largest single contribution to HC inventories [15].

Figure 1.1: Emissions levels in small SI engines. (a) Annual unburned hydrocarbons emitted
to the atmosphere in the U.S. by sources. (b) Percentage share of HC annual emissions. [3]

Due to the great diversity of applications, duty cycles and engine models, for regulation

purposes the small engines have been classified into five classes according to the displaced

volume and whether they are hand-held or non-hand-held (see Table 1.1). For the non-

handheld category, Class I engines are used primarily in walk-behind lawnmowers, and Class

II engines are used primarily in lawn and garden tractors. For the handheld categories,

Class III and IV engines are used primarily used in residential equipment such as string

trimmers, leaf blowers and chainsaws. Class V engines are used primarily on commercial

equipment such as chainsaws [15]. The current emissions regulations, referred as ‘Phase II

regulations’ have required manufactures to gradually decrease the emissions of the engines

in the quantities shown in Table 1.1.
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Table 1.1: HC + NOx emissions standards for small SI engines [g/kW-h] [1, 2]
Non-handheld Handheld

Class I Class II Class III Class IV ClassV
year < 225 cm3 ≥ 225 cm3 < 20 cm3 20 - 50 cm3 ≥ 50 cm3

2002 16.1 12.1 238 196 -

2003
...

... 175 148 -
2004 113 99 143
2005 50 50 119

2006
...

... 96
2007 72

During the development of the final Phase II rules, the U.S.-EPA prepared a ‘Reg-

ulatory Support Document’ studying the possible technologies required to meet the new

standards [16]. Based on proven emissions performance, in-use performance data and cost

analysis available at the time of the negotiation period of the regulations, the U.S.-EPA

estimated that the Phase II standards could be achieved by manufactures with the follow-

ing technologies: conversion of handheld 2-stroke designs to 4-stroke designs, application of

catalytic converters, leaner calibrations, improved combustion chambers and higher manu-

facturing quality that reduced assembly tolerances and component variation. It was noted

in the Regulatory Support Document that all of these technologies required as requisite an

improved carburetor with more precise intake mixture control. Other technologies such as

electronic fuel injection, three-way catalysts with closed loop air/fuel control, direct injection

and stratified charge were not considered by the U.S.-EPA because there was not enough

data of in-use engine emission performance and manufacturing costs [16]. Therefore, al-

though technologies like electronic fuel injection and closed loop control are highly desirable,

the carburetor will continue as a large player in the future of these engines.
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1.1.2 Explanation of the main fuel circuit in small engine carbu-

retor

More than a century of carburetor development produced a device with a very complex set

of internal passages designed to deliver the correct air-fuel mixture according to speed and

load. This goal is achieved through several complex processes: flows through passages of

short length and complex geometry; flows that transition from laminar to turbulent; high-

frequency pulsating flow; two-phase flow of various forms, i.e., bubbles, sprays and thin liquid

films; and flows with changing fuel and air properties due to rapid changes in temperature

and pressure.

Figure 1.2: Main parts of a typical carburetor used in small engines.

Figure 1.2 shows the main circuit found in a typical small engine carburetor. The accel-

eration of the air flow across the venturi creates a low pressure region at the venturi throat.

This low pressure drives the fuel flow from a constant-level reservoir, known as a fuel bowl,

to the venturi throat. On its path, fuel travels through a small orifice (main fuel orifice),

whose function is to restrict its flow. Then, fuel goes into the emulsion tube, where it can

mix with air coming from an airbleed system. Fuel may also go to a fuel well that surrounds

the emulsion tube; the function of the fuel well is to cover or expose the holes in the emulsion
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tube, depending on the pressure difference between the inside of the emulsion tube and the

surface of the fuel well. When air flows through the airbleed system, it passes through an

airbleed orifice at the entrance of the venturi, then through a series of small passages until

it reaches the fuel well. When the holes in the emulsion tube are exposed, air is driven into

the emulsion tube to create a two-phase mixture of lower mean density than the fuel alone.

This mixture finally is delivered to the venturi throat, where the fuel may take the form of

droplets, vapor, or a thin film on the wall. All of these processes take place in fractions of a

second under a highly dynamic process: during each engine cycle the carburetor undergoes

a sequence of events that go from no-flow through its passages, to flow through all of its

circuits.

The complexity of these phenomena and the lack of a complete model of the processes

taking place inside the carburetor have forced manufacturers to develop carburetors mainly

by ingenuity and trial-and-error efforts. Examples of compendiums of carburetors designs are

the survey written by Johnston [17] and the technical manual by Judge [18]. Although most

of the designs were developed for automotive engines before the 1980’s, current small engine

carburetors comprise passive and active circuits developed for automotive applications. The

current development of carburetor designs have stalled and carburetor manufacturers have

decided on a collection of carburetor castings that offer engine manufacturers a set of circuits

that are tunable for specific engine requirements. Therefore, the trial-and-error effort is

performed during engine tuning stages; for example, different main fuel orifices or location

and number of emulsion tube holes are tried until the engine being tuned achieves the desired

performance.

Carburetor phenomena pose large areas of research that have the potential for significant

impact on emissions in the U.S. and in urban areas worldwide. Only the understanding

of the processes inside the different passages and the incorporation of this knowledge into

design tools will allow manufacturers to improve on carburetor performance and reduce the
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physical trial-and-error effort. Perhaps, right now, it might be faster to perform new tests

in the laboratory with a change of one component, or the drilling of another hole. But a

theoretical study of the processes inside the carburetor will allow for the study of the effect of

actual components; it will allow the easier design of new systems, or optimization of current

designs. And, combined with engine simulation software, it will allow for the study of the

effect of carburetor parts on engine performance. The final result will be the narrowing

down of the design space, which will reduce the number of physical tests needed to reach

the desired engine performance.

1.2 Research objectives

It is possible to classify the mixture formation phenomena inside carburetors into two sets

of problems: i) How to meter the right amount of fuel and air for different engine operating

conditions, and ii) how to create the appropriate mixture-quality, by delivering the fuel as

a combination of droplets, vapor and liquid film on the walls of the intake manifold. This

study addressed the first problem by defining two general objectives:

Development of a theoretical model of carburetors: Regarding the metering problem,

the first objective of this research is to develop a computational model that predicts

the air and fuel flow in carburetor passages as a function of geometry, fluid properties

and engine operating conditions.

This model is needed in order to conduct parametric studies to understand which

parameters most affect the amount of fuel delivered to the engine. The model is to be

incorporated into a commercial one-dimensional engine simulation package so it can

be used for the prediction of engine performance.
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CFD analysis of metering orifices and venturi: The results from the first objective re-

vealed that that main fuel orifice and venturi have a large effect on fuel metering from

carburetors. This result motivates a second objective, where the characteristics of the

flow across metering orifices and venturi are to be studied using a commercial CFD

package. The knowledge gained about the characteristics of the flow was used to de-

velop equations that predict the discharge coefficient of carburetor parts, which can be

incorporated into the theoretical model of carburetor.

1.3 Outline of the present document

Chapter 2 presents the literature review of previous research on carburetor fuel and air flow,

emphasizing the studies that attempted their theoretical prediction. The conclusions from

this section indicate the opportunities for future research on carburetors.

Chapter 3 presents the results of an improved theoretical model compared with previous

carburetor models. It presents the incorporation of dynamic one-dimensional flow into the

two-phase flow network, which represents the main circuit in a small engine carburetor.

The chapter concludes with the incorporation of the model into a one-dimensional engine

simulation software.

In order to develop the general carburetor model, an experimental setup was built to

characterize the two-phase flow inside the emulsion tube. Chapter 4 presents the experimen-

tal setup, the analysis of the results and the derived correlation for a range of geometries

and conditions found in typical small engine carburetors.

The study on fuel flow inside small orifices is addressed in Chapter 5. Different kinds of

small orifices were studied with a commercial CFD package. The results were used to derive

engineering correlations for the discharge coefficient of these orifices. The analysis starts

with square-edged orifices, and then inlet and outlet cones are added to the orifices in order
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to study their effect on the flow. Finally, the geometries were extended for modeling real

carburetor orifices.

Chapter 6 presents the CFD study on the flow across the carburetor venturi. Be-

ginning with an axi-symmetric model, the one-dimensional theory of compressible flow

in a converging-diverging nozzle is presented and used to extend the study to the three-

dimensional effects in the carburetor venturi.

Chapter 7 presents a summary of this research and discusses the possibilities for future

research in carburetors.
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Chapter 2

Literature review

This literature review begins with an introduction to the general engine mixture requirements

according to operating conditions. Next, following the classification of carburetor air and fuel

flow phenomena into mixture-metering and mixture-quality problems, this chapter is divided

in two corresponding parts: the studies that predict fuel and air flow, and the studies that

address the droplet formation and travel downstream of the carburetor. The conclusions

highlights the areas where there are opportunities to improve the understanding of air and

fuel flow in carburetors.

2.1 Engine mixture requirements

As the carburetor is the device responsible for creating the air-fuel mixture required for the

different engine operating conditions, the first question to be addressed is: what is the air-fuel

ratio that the carburetor must deliver to the engine? During full-load operation (wide-open

throttle), maximum power is demanded from the engine; this power requirement is achieved

by inducing as much mass of air as possible for a given displaced volume, and by burning a

richer-than-stoichiometric mixture (equivalence ratio φ ∼ 1.1). During part-load operation,

the air is constrained by the throttle plate and the important concern is the efficient use of

the fuel; this condition is achieved by operating with a lean mixture (φ < 1.0) [4]. These

mixture requirements may be presented in a diagram of equivalence ratio, φ, as function of

air mass flow rate and engine speed (in Figure 2.1 the mass flow rate is shown as fraction of

the maximum flow rate at rated speed).
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Figure 2.1: Schematic of typical air-fuel mixture requirements for a spark ignition engine as
function of engine speed and air mass flow rate (percent of maximum flow at rated speed) [4]

The carburetor meets the engine’s mixture requirements by having a complex set of

circuits, which are designed to control the fuel flow (and in some cases, small amounts of air

flow) for the different engine operating conditions. These circuits are activated by the static

or the dynamic pressure at different carburetor locations. Heywood [4] gives a description

of how some of these circuits work (i.e., main fuel system, airbleed systems, acceleration

systems, choke plate and altitude compensation); this reference is a good example of what

is typically found in the technical literature regarding carburetors: general explanations of

how carburetor circuits operate, or description of different designs, but without a theoretical

analysis or insights for their design.

2.2 Prediction of air flow in carburetors

In order to predict air and fuel flow in carburetors, it is a common strategy to first solve for

air flow through the intake manifold. The results of this analysis are then used as boundary

conditions for a flow network that represents the fuel-flow circuits inside the carburetor.
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The simplest model of air flow in a carburetor venturi is based on the equations for

compressible flow of an ideal gas through a converging isentropic nozzle. The air mass flow

rate, ṁa, is given by

ṁa = Cd,tAt

√
2ρa0(Pv,0 − Pv,t)Φ, (2.1)

Φ =

 [γ/(γ − 1)]
[
(Pv,0/Pv,t)

2/γ − (Pv,0/Pv,t)
(γ+1)/γ

]
1− Pv,0/Pv,t

1/2

, (2.2)

where CD is the discharge coefficient based on the throat area At, ρa0 is the air density at

total inlet conditions, Pv,0 is the isentropic stagnation pressure at the inlet of the venturi

and Pv,t is the static pressure at the venturi throat [4]. Φ accounts for the compressibility

effects, where γ is the ratio of specific heats. These expressions can be used for real gases by

using the compressibility factor, Z, in the denominator of Eqn. (2.1), as used by Cornelius

and Srinivas [19].

Equations (2.1) and (2.2) can be seen as a steady state one-dimensional model of com-

pressible flow across a variable area duct. For a given flow rate, they can be used to predict

the static pressure as function of the local duct area, assuming that all the properties of the

flow are constant across the cross-sectional area. As it will be shown later, this may not be

true for the flow in the carburetor throat due to accelerating flow, as well as the presence of

different obstacles in the flow such as the fuel tube.

Aside from the intake valves, the throttle plate is the largest restriction that the air

encounters in its way through the intake system. Harrington and Bolt [5] applied Eqs. (2.1)

and (2.2) to the throttle plate and calculated the discharge coefficient based on the open

cross sectional area for the actual throttle plate angle. Based on the analysis of the different

elements in the throttle plate (shaft and plate), Harrington derived an expression for the
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projected cross sectional available for the air to flow:

4Ath

πD2
=

(
1− cos (ψ)

cosψ0

)
+

2

π

[
a

cosψ
(cos2 ψ − a2 cos2 ψ0)

1/2

− cosψ

cosψ0

sin−1

(
a cosψ0

cosψ

)
− a(1− a2)1/2 + sin−1 a

]
, (2.3)

where a = d/D, d is the throttle shaft diameter, D is the throttle bore diameter, ψ is the

throttle plate angle and ψ0 is the minimum angle when the throttle is closed. An example

of this function is shown in Figure 2.2. A minimum area is available due to small leaks, and

it reaches a maximum due to the blockage created by the throttle plate shaft.

Figure 2.2: Projected open area for air flow across throttle plate

Although the steady flow assumption may seem too restrictive for the application of this

analysis in real engines, it was used by Harrington to predict the air flow through the intake

system of an eight-cylinder engine. In this case, the air flow was nearly constant so the steady

flow assumption was valid. The analysis results in charts like the one shown in Figure 2.3

that represent the map of intake conditions: intake manifold pressure, air mass flow rate,

throttle angle and engine speed. Different features of the intake system can be seen in these

plots:
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• For a given throttle plate angle, the mass flow rate increases for a decreasing manifold

pressure. The flow behaves linearly when the pressure difference is small (high manifold

pressure), but the lines curve indicating the compressibility effects.

• The flow chokes when the intake manifold is lowered around the critical pressure

P/P0 = 0.528.

• At large throttle angles, the flow does not reach choked conditions even at the highest

engine speeds.

• In order to draw this chart, the lines of constant engine speed are calculated as

ṁa =
∆PVDηvolN

2RT
(2.4)

where VD is the engine displaced volume, ηvol is the volumetric efficiency and N the

engine speed.

Similar maps were developed by Pursiful, Kotwicki and Hong [6]. These maps can be

used to describe the zone of operating conditions where the engine is most likely to work.

Figure 2.4 shows a map developed by Pursiful et al. with the limits of engine operating

conditions. These boundaries indicate that for small throttle plate angles, the flow will be

choked most of the time, while at greater angles the flow will not be choked.

As indicated in Eqn. (2.1), the actual mass flow rate is corrected with a discharge coeffi-

cient, which must be determined experimentally. Pursiful found that the discharge coefficient

is a strong function of throttle plate angle and a weak function intake manifold pressure,

as seen in Figure 2.5. In this figure, the discharge coefficient changes when the pressure

difference is small, but reaches an almost constant value for lower pressures. Figure 2.6

shows the discharge coefficient of the throttle plate as function of throttle plate angle for all

of the conditions that are located within the most likely region in Figure 2.5. This result is
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Figure 2.3: Airflow through the intake system of an eight-cylinder engine, as function of
intake manifold pressure and throttle plate angle [5]

widely used in common engine testing and simulation: the discharge coefficient is determined

experimentally on a steady flow bench at a given pressure difference; the results are then

used for any other pressure difference.

The sensitivity of engine performance calculations with respect to the accurate discharge

coefficient has been studied by Blair and Drouin [20], and Blair, Callender and Mackey [21].

Blair presented the discharge coefficient of throttle plates as a function of back pressure and

angle [21]. Typical flow bench results are run with only one pressure differenttial [22].

The natural extension to the theoretical model of air flow rate in the intake system is

to use a quasi-steady state approximation. With this assumption, the compressible nozzle

model may be applied to the pulsating flow in a single- and two-cylinder engine. Woods and
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Figure 2.4: Map of intake manifold conditions, with limits of most likely engine operating
conditions [6].

Goh [23] studied the compressible flow across throttle plate, under steady and unsteady state

conditions. They measured the air flow in the inlet of a single cylinder engine. They found

that the prediction of the flow by using a quasi-steady state assumption for the discharge

coefficients produced good results for the engine conditions that they tested: 530 and 1000

rpm.

However, only the simultaneous solution of instantaneous mass, momentum and energy

equations for compressible flows can capture the dynamic effects of the flow inside intake

manifolds [7]. The solution of the instantaneous one-dimensional flow equations has been

generally performed with two methods: the method of characteristics (e.g., Benson et al. [24],

and Zhu and Reitz [25]) and the finite differences method (e.g., Bajema and Gatecliff [26]).

Both of these methods can predict the pressure and velocity fields for motored engines with

good agreement with experiments (see Figure 2.7). The solution to the one-dimensional flow

equations have been implemented in several commercial packages, such as GT-Power [27],
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Figure 2.5: Discharge coefficient as function of intake manifold pressure, for different throttle
plate angle [6].

Figure 2.6: Discharge coefficient as function of throttle plate angle [6].
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Ricardo-Wave [28] and AVL-Boost [29]. These packages are based on the assumptions of

one-dimensional flow, ideal gas behavior, quasi-steady boundary conditions, no interaction

between air and fuel, and that heat transfer, friction and discharge coefficients are valid for

both steady and unsteady flow [4].

Figure 2.7: Comparison of experimental and calculated static pressure downstream of the
throttle plate at different throttle angles. Calculations where done with the method of
characteristics. [7]

While the one-dimensional methods address many important questions in relation to

the transient gas dynamics, they do not provide detailed information about the flow field

in specific parts of the system [30]. This kind of information may be obtained by using

Computational Fluid Dynamics (CFD). However, the use of CFD for the analysis of the flow

across the complex geometries in the carburetor venturi have been very limited.
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Tekriwal [8] developed CFD analyses of venturis used as flow measurement devices. The

geometry of the venturis studied is shown in Figure 2.8. Fluent was used to model the flow

with an axi-symmetric geometry; two turbulence models were compared in the simulations:

RNG-k-ε model and Reynolds Stress Model (RSM). It was found that:

• Both models predicted the pressure drop at the venturi throat with very good agree-

ment with experimental results, but the overall pressure drop (from the inlet to the

end of the diffuser) was better predicted by the RSM model. It was argued that this

difference was caused by the assumption used in the k-ε model of isotropic turbulence

in all of the Reynolds stresses. The use of the RSM model provided a better accuracy

at the cost of more computations.

• Inlet turbulence intensity up to 10% had no effect on the pressure change through the

venturi.

• The effect of air viscosity is negligible on the pressure drop for the conditions tested.

Figure 2.8: a) Dimensions and location of pressure taps for experimental venturi study. b)
Axi-symmetric mesh of clear venturi. [8]

Examples of other studies that have used CFD for the characterization of air flow across

venturi nozzles without obstacles and under subsonic conditions are those performed by

Guessous [31] and Sera, Bakar and Leong [32]. CFD has also been used for choked conditions,

like the study by Lavante et al. [33].
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Figure 2.9: Vortex shedding behind the throttle plate [9]. The plane shown is aligned with
the shaft of the throttle plate.

Sanatian and Moss [30] used a standard k-ε turbulence model to study the steady three-

dimensional flow across a throttle valve in the intake system of a two-cylinder engine. The

studies were conducted for two angles (30o and 50o). The results are shown in terms of

the mean velocity and turbulence intensity profiles along the intake pipe that houses the

throttle valve. Comparisons with visualization experiments of stream lines and limited hot-

wire anemometer measurements showed that the simulations could give an good indication

of the flow fields in this geometry.

A more complete three-dimensional analysis of the flow across a throttle valve was per-

formed by Alsemgeest et al. [9]. They used a standard k-ε to study the unsteady compressible

flow across a throttle valve under constant boundary conditions. They found that the ob-
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struction created by the throttle plated produced vortex shedding behind it at a frequency

of 200 to 600 Hz. An example of the sequences of vortex shedding is shown in Figure 2.9.

The only known work that has used CFD for the characterization of the flow across

the carburetor was done by Wu, Feng and Liu [34]. But in their work, the carburetor was

represented as a two-dimensional channel where the fuel tube was a large obstacle in the

flow field. The only results shown in this work are the static pressure drop along the axis of

the carburetor.

2.3 Prediction of fuel flow inside carburetor circuits

Several studies have addressed the modeling of fuel flow in carburetors: Asano et al. [35],

Ehara et al. [36], Furuyama [37], Furuyama [38], Harrington and Bolt [5], Isobe and Asano

[39], Jagdish et al. [40], Sendyka and Filipczyk [41], Sendyka and Heydel [42], and Szczecinski

and Rychter [43]. All of these studies are based on the representation of carburetor circuits

as a flow network under steady state conditions. The configurations of all of these studies are

slightly different from each other, but they proved the feasibility of the representation of the

carburetor circuits as flow networks. These studies can be classified into two groups: those

that only considered steady air flow, and those that used a quasi-steady state assumption

for the application of the model to a dynamic air flow condition.

References [5, 10, 35–39] form the first group of studies. Figure 2.10 shows an example

of the predicted and experimental fuel flow versus air flow for a carburetor with an airbleed

system. The effects of different carburetor parts on fuel flow and air-fuel ratio can be seen

in this kind of plot: the main fuel orifice is the part responsible for the main trend of the

air fuel ratio under moderate-to-high air flow; the idle system is responsible for fuel delivery

under low air flow; and the air bleed system is responsible for increasing fuel flow during the

transition between the idle system and the main fuel system [10].
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Figure 2.10: Comparison between calculated and experimental fuel flow in carburetor with
airbleed system [10]. a) Fuel flow b) Air fuel ratio

All of these studies had as a limitation the computational capabilities at the time they

were performed. A significant effort was required in order to solve the nonlinear system

of equations that represented the flow network. For example, in references [37] and [38],

Furuyama developed the equations for a carburetor with idle and main circuits, and by

mathematical substitution simplified the theoretical model until a single equation was ob-

tained. This strategy results in a loss of information about intermediate variables, like static

pressure at network nodes and flows across secondary passages.

Harrington [5] used the steady flow assumption to predict the fuel flow for a two-barrel

carburetor used in an eight-cylinder engine. The results agreed well with experiments. Hav-

ing a large number of cylinders, the assumption of steady air flow seemed to be reasonable.

In single- and two-cylinder engines, the airflow at the venturi is expected to be pulsating,

and the application of a steady state model is expected to be limited. However, Jagdish et
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al. [40] used a steady flow assumption for a single-cylinder engine and claimed good agree-

ment (unfortunately, the authors did not give information on how the discharge coefficients

were found).

The second group of models, references [41–44], applied a pressure boundary condition

to the carburetor throat that changed with time and solved the fuel flow network by using

a quasi-steady state assumption. Sendyka’s results [41, 42] showed that instantaneous and

integrated air-fuel ratios that were leaner than those seen in real engines. It was thought that

the difference between the model and experiments was caused by the inability to capture

dynamic effects of the fuel flow.

Experimental studies performed by Furuyama and Ohgane [45] and Moss [46] showed that

the pulsating nature of the air flow affects the amount of fuel delivered by the carburetor.

Furuyama found that the effect of pulsating air flow on fuel flow may be classified as: i) when

the throttle plate opening is large and air flow is low, the fuel flow is higher at pulsating flow

than at steady flow, and ii) when the throttle plate opening is large and air flow is high,

the fuel flow is lower at pulsating flow than at steady flow. Moss’ experiments [46] agreed

with the conclusions for the first case. Both researchers proposed that the fuel flow under

dynamic air flow may be calculated by using the steady state prediction, and then corrected

with a pulsation-correction factor.

Two special considerations must be taken when predicting the fuel flow from the car-

buretor circuits: the characterization of the two-phase flow inside the emulsion tube and

the characterization of the small metering orifices. The following sections will explain how

previous studies approached these considerations.
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2.3.1 Two-phase flow in airbleed systems

Airbleed systems are used in many carburetor designs. They are responsible for creating

a two-phase flow mixture inside the carburetor passages. This system produces a mixture

of lower density than the pure liquid, which results in an increased fuel flow for the same

pressure drop. This phenomena has been greatly simplified in previous carburetor studies;

those references that included an airbleed system used the equilibrium homogeneous model

[5,10,35–39,43]. In this model, the two fluids are assumed to create a mixture of homogenous

properties that can be characterized by a mean density and a mean viscosity [47]. The

pressure drop across the pipe is then calculated by using momentum balance equations

for single phase flow. This homogeneous model can be applied when one of the phases is

dispersed in the other (i.e., bubbly flow or fine droplets).

Figure 2.11: Two-phase flow inside small carburetor passages [11]. a) Two-phase flow regimes
b) Flow-regime map

Visualization experiments conducted by Oya [11], showed that the two-phase flow in

small-diameter tubes (similar in diameter to those found in carburetor airbleed systems)

may create configurations that are very different from a homogenous mixture. Figure 2.11-a

shows a schematic of the different two-phase flow regimes found in Oya’s experiments. These
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experiments were done in vertical tubes with diameters of 2,3 and 6 mm. Fuel entered at

the bottom of the tube and air was drawn into the tube through lateral orifices, similar to

the way that it takes place in a real emulsion tube. The results from the flow visualization

experiments were used to develop maps of two-phase flow regimes that indicated the regions

were different flow regimes occur as function of superficial liquid and gas velocities, vl and

vg, respectively. The superficial gas velocities are defined as the volumetric flow rate divided

by the cross sectional area of the pipe. Figure 2.11-b is an example of the two-phase flow

regime maps developed for the small pipes; in this figure, the gray zones indicate the fuzzy

boundaries between the different flow regimes.

In a second report, Oya [48] derived empirical pressure drop correlations based on ex-

perimental results. These correlations were dependent on the two-phase flow regime maps

derived from the visualization experiments. Although these measurements would represent

more closely the actual phenomena in the emulsion tube, the developed correlations were

never used in the studies that predicted the entire fuel flow from carburetors. On the other

side, the use of these correlations in a complete carburetor model would require the clear

definition of the boundaries in the two-phase flow regime maps.

Regarding the amount of air that is driven through the airbleed system, Hosho [49]

measured the average air flow in the airbleed system in the carburetor of a real engine

operating under fired conditions. It was found that the fraction of volumetric air flow to

volumetric liquid flow through the emulsion tube varied from 2 to 76, depending on the

carburetor model and engine operating conditions. As the density of the fuel is three orders

of magnitude greater than the density of the air, this volumetric fraction corresponds to a

two-phase flow quality of the order of 10−3.

By running visualization experiments at the carburetor throat, Hosho found that the

bubbles in the emulsion tube produced a pulsating fuel flow at the venturi throat, even when

the carburetor was tested on a steady flow bench. This pulsation had a lower frequency
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at low air flow through the airbleed system, and increased its frequency with increasing air

flow through the airbleed system. This effect can be understood from the kind of two phase

flow regimes that are achieved inside the fuel tube: the low frequency would be caused by

large bubbles, while a high frequency would be the result of smaller bubbles but with larger

population.

2.3.2 Characterization of small metering orifices

All carburetor designs use small metering orifices to restrict the air and fuel flow. These

orifices have diameters of around 1 mm, and lengths that go from less than 1 mm to 3 mm.

The geometry of these orifices may be as simple as a square-edged orifice, or may have inlet

and outlet chamfers, as well as inlet bends as shown in Figure 2.12. The flow across such

orifices may be described by

ṁ = CdA
√

2ρ∆P , (2.5)

where ṁ is the mass flow rate, A is the cross sectional area of the orifice and ∆P is the

pressure drop across the orifice. The discharge coefficient CD represents the effect of all

of the deviations from the ideal one-dimensional isentropic flow. It is influenced by many

factors like fluid mass flow rate, orifice length/diameter ratio (L/D), orifice approach-area

ratio, orifice surface area, orifice surface roughness, orifice inlet and exit chamfers, fluid

specific gravity, fluid viscosity and fluid surface tension [4]. Due to the complexity of the

geometry and the flow conditions, no general engineering model is known to exist to predict

the flow across these elements. Because of these reasons, the evaluation of the discharge

coefficient is done experimentally.
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Figure 2.12: Typical metering orifice found in carburetor designs

A comprehensive study on carburetor fuel metering orifices was performed by Bolt et

al. [12], where different square-edged and chamfered orifices were tested for different fuel

flows and fuel properties (Figure 2.13-a). It was found that the discharge coefficient of these

orifices showed the following characteristics:

• There are two main characteristic behaviors depending on the length of the orifice: a

short orifice (L/D = 0.1) has a nearly constant discharge coefficient with increasing

Re, while a longer orifice (L/D = 3.6) has a steadily increasing discharge coefficient.

• At high Re, the discharge coefficient reaches a constant value.

• In all L/D cases, at very low Re, the discharge coefficient drops to zero, as viscosity

plays a larger role in the flow.

However, Bolt’s experiments also showed that the fuel properties can have an effect that

the Reynolds number alone does not capture. Figure 2.13-b shows that, for a given orifice,

the discharge coefficient may be different for different substances, even at the same Reynolds

number. This same behavior was found by Bond [13] in square-edged orifices, using solutions

of water and glycerine, as shown in Figure 2.14.

The analytical prediction of the discharge coefficient of small orifices has been based on

similitude analysis and considerations of the boundary layer development inside the restric-

tion [50]. The discharge coefficient can be thought as an effective area, or fraction of the

orifice area that the fluid actually uses when it is constrained to flow through a passage. If

the flow has time to fully develop inside the orifice, this effective area can be related to the
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Figure 2.13: Experimental discharge coefficient of main fuel orifices [12]. a) Square edge
orifices of different L/D. b) Discharge coefficient of chamfered orifice Ford-50, as function
of Re for different substances

Figure 2.14: Experimental discharge coefficient of square-edged orifices [13], with different
viscosities.



28

displacement thickness δ∗ by

π
D2

4
Cd = π

(
D2

4
− δ∗

)
. (2.6)

The theory of boundary layer development can be applied if there is no separation of the

velocity profile inside the orifice. Such analysis has been applied to ASME flow measurement

nozzles [51–54]. In the case of laminar flow, it is possible to develop a complete analytical

solution. For turbulent flows, no analytical solution is possible and approximations or CFD

calculations are needed.

Hall [55] derived an expression for δ∗ inside a long square-edged orifice based on the

assumption that the fully developed turbulent velocity profile can be approximated by a 1/7

power law. Based on this assumption, Equation 2.6 gives an expression for the discharge

coefficient of long orifices:

Cd = 1− 0.184

(
L

D
− 1.00 + 1.11Re0.25

)0.8

Re−0.2. (2.7)

The comparison between this expression and the experimental results from Bolt [12]

shows an agreement within 10% for the orifices with L/D between 1.4 and 10.6, as shown in

Figure 2.15. The shortest orifice with L/D = 0.1 presents a behavior that is not captured

by this model. These observations indicate that the assumptions of fully developed flow and

turbulent velocity profiles may be appropriate for the longer orifices. However, the model

fails to capture the discharge coefficient of the shortest orifices where the flow does not have

time to reattach and develop, and each L/D appears as a separate data set.

The difficulty of capturing the discharge coefficient behavior with only the Reynolds

number has led researchers to propose equations based on the Euler number [56] or based

other non-dimensional parameters. For example, Mirsky, Bolt and Smith [57] measured the

pressure drop in one specific carburetor metering jet, and correlated the results by using non-
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Figure 2.15: Experimental [12] and predicted (Eq. 2.7) CD for different L/D

dimensional parameters that captured the details of the geometry. The derived correlation

reproduced the experimental results within 3%. The limitation of their results is that it was

valid only for the particular design studied.

Additional studies that have addressed the flow across these metering orifices have em-

ployed visualization experiments. Johansen [14] used dye to see the contraction at the inlet of

square-edged orifices and the jet formed downstream of it. Example of the images obtained

are shown in Figure 2.16 . Bolt, Mirsky and Currie [58] performed similar visualization

studies, applied to orifices with chamfered entrances. Unfortunately, the results from these

visualization experiments give very little understanding of the characteristics of the flow due

to two elements: i) as these visualization experiments used dye, it was required to keep lam-

inar flow conditions in order to get information from the streamlines indicated by the dye.

A couple of pictures were taken at slightly higher Reynolds numbers (e.g., transitional flow

from laminar to turbulent) and the dye is completely mixed due to the mixing in the flow.

ii) These experiments gave information about the recirculation region downstream of the

orifices, but very little information of what was actually happening inside the contraction.
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Figure 2.16: Dye injection in small metering flows under low Reynolds numbers [14].

The difficulty of finding a general engineering model that explains the losses in these small

orifices and the difficulty of running visualization experiments have left CFD as a suitable

tool to study the flow in these orifices. CFD has been used to simulate the flow in different

kinds of restrictions. Examples of these studies are those performed by Barry et al. [59] in

orifice plates, and by Schmidt et al. [60] in diesel injectors. The success of these published

works in predicting the flow in orifices through CFD motivates the computational study on

carburetor orifices.

2.4 Coupled air and fuel flow along intake systems with

carburetors

Experimental studies have found that the presence of the fuel droplets in the intake system

affect the static pressure field at the carburetor. Lenz [61] showed the difference in static

pressure at the carburetor throat for a carburetor with two-concentric venturis, with and

without fuel. Lenz found that the static pressure at the throat of the venturi is lower at the
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secondary venturi, and higher in the large venturi, when fuel flows through the carburetor

compared to the case without fuel flow (i.e., lower pressure drop from the inlet to the venturi

throat, as shown in Figure 2.17). The explanation for this difference is the momentum

expenditure required to accelerate the fuel droplets. In terms of the characteristics required

by the carburetor model, this change in static pressure would result in a different discharge

coefficient of the venturi.

Figure 2.17: Static pressure at venturi throat, with and without fuel
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Several theoretical studies have simulated the one-dimensional coupled air and fuel flow

downstream of the intake system. These studies are based on the solution of Navier-Stokes

equations for the continuous gas phase and the simulation of droplet flow as a discrete phase

dispersed in the gas phase. Lo and Lalas [62] studied the fuel flow inside an idealized one-

dimensional intake system with constant cross sectional area under steady air flow . The

same approach was used to simulate the droplet flow in a carburetor venturi by Yun, Lo and

Na [63, 64]. In a similar cross-flow condition, Chin, Freeman and Lefebvre [65] studied the

flow history downstream of a fuel injector. A similar study was performed by Finlay, Boam

and Bannell [66].

These studies captured the evaporation from and heat transfer through the manifold

wall, and allowed for the calculation of local liquid- and vapor-fuel fractions. Boam and

Finlay [67] incorporated the effect of the throttle plate in an intake system under steady

flow.

Low et al. [68] improved these models by solving the one-dimensional pulsating airflow in

a single-cylinder engine. This simulation considered the interaction between the air and the

fuel droplets (fuel evaporation, heat transfer and droplet drag), as well as the effects of the

intake manifold wall (heat transfer and friction) under dynamic conditions. The calculations

required the assumption that the droplets leaving the fuel nozzle are mono-dispersed (one

diameter).

Wu et al. [34] addressed the two-dimensional air and fuel flow in the carburetor ven-

turi. This is the only study found in this review that extended the one-dimensional flow in

carburetors to a higher dimension. The venturi was simplified by using a two-dimensional

channel instead of a cylindrical geometry. Mono-disperse fuel droplets were inserted at ven-

turi throat. Unfortunately, the results only showed showed the static pressure along the

intake system under steady air flow, and nothing was said about the droplet trajectories or

the two-dimensional effects on the flow field.
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These models have been implemented in one-dimensional engine simulation software.

For example, GT-Power bases the dynamics of manifold wetting on the model developed by

Morel and Wahiduzzaman [69].

An extension of these models is the complete three-dimensional unsteady flow of the

droplets leaving the carburetor and interacting with the airflow field. Arnold [70] used

FIRE, a three-dimensional CFD software, in order to study the coupled air and spray from

a carburetor into the intake system. The fuel was injected at rates and times estimated from

high speed videos from the carburetor. By doing the entire simulation it was possible to find

effects like:

• The comparison of droplet trajectories indicated that an injection speed of 2 m/s

produced similar results to high speed videos. Droplet sizes and distributions were

estimated from correlations.

• A significant portion of the spray impinges the walls of the carburetor, throttle plate

and intake runner.

• The droplet and fuel film histories are quite complex, and are not completed during a

single engine cycle.

2.5 Mixture quality from carburetors

The aforementioned studies of coupled air and fuel flows required the a-priori knowledge of

droplet sizes formed from the fuel nozzle. Nightingale [71] made a comprehensive review of

the droplet break-up process and correlations used in carburetor studies. Droplet formation

from carburetors takes place when the fuel leaves the fuel nozzle and is accelerated by a

high-speed air stream. The fuel velocity leaving the fuel tube is on the order of 1 m/s, which

would correspond to a Rayleigh jet break-up regime into quiescent air. However, the high
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air speed in the venturi throat (≈60 m/s) tears apart the fuel column into separate liquid

filaments that eventually break up into droplets. If the relative velocity between the air and

the droplet is high enough, drag forces may cause a secondary breakup into smaller droplets.

Two empirical correlations have been used to predict the characteristic mean droplet size

from carburetors. The Nukiyama-Tanasawa equation was developed for the prediction of the

Sauter mean diameter,D32, for an air-blast atomizer. It is given by

D32 =
585

v

√
σl

ρl

+ 597

(
µl√
σlρl

)0.45(
1000ql
qa

)1.5

, (2.8)

where v is the relative velocity between the air and liquid streams. This equation has been

applied to carburetors with moderately good agreement with experiments [71].

Ingebo looked at the vaporization rates and drag coefficients for isooctane droplets under

cross flow [72]; Ortiz, Joseph and Beavers did a very similar study [73]. Ingebo and Foster [74]

developed an empirical equation for predicting the mean droplet diameter resulting from the

fuel injection from a plain orifice into a cross-flow air stream. The mean volume droplet

diameter, D30, is given by

D30 = 3.9d

(
1

Re

)1/4(
σl

ρadv2
i

)1/4

, (2.9)

where the Reynolds number is based on the orifice diameter, d, and the initial relative velocity

between the liquid and air, vi. The last term contains the Weber number, We = ρadv
2
i /σl,

based on the orifice diameter.

Theoretical predictions of mean droplet diameter are based on the largest droplet that

can withstand the aerodynamic drag forces. Prandtl [75] estimated that the critical Wec is

given by

15.4 ≈ Wec = Dmaxρav
2/σl, (2.10)
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where Dmax is the maximum droplet diameter. As the droplet breakup takes a finite time

while the droplet is being accelerated by the air stream, the velocity v should be an average

between the initial and the final relative velocity between the liquid and the air.

Hinze [76] took into consideration the effect of the viscous dampening on the critical Wec

and reduced the maximum droplet diameter by

14.5 = Dmaxρav
2
i /σl. (2.11)

Lenz [77] assumed that the droplet distribution from a carburetor may be described

by a Rosin-Rammler distribution with a spray spread parameter n = 2. This assumption

produces an expression that relates the maximum droplet diameter predicted by Eq. (2.11)

and the Sauter mean diameter:

D32 = 0.532Dmax. (2.12)

The Sauter mean diameter predicted with the Nukiyama-Tanasawa equation (Eq. (2.8))

and Hinze’s equation (Eqs. (2.11) and (2.12)) were compared with experiments of carburetors

under steady flow conducted by Nightingale [78]. Figure 2.18 shows that Hinze’s equation

gives a better result than the Nukiyama-Tanasawa expression.
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Figure 2.18: Sauter mean diameter of fuel droplets forming in carburetor under steady air
flow [71]

2.6 Diagnostics of carburetor mixture quality

Not many studies have been conducted in order to develop experimental tools for the assess-

ment of the quality of the mixture delivered by carburetors. Westrate et al. [79] designed

and built a testing facility for studying carburetor exit conditions in small engines. A small

engine was motored by a dynamometer, which produced the pulsating air flow across the car-

buretor. The liquid flow was studied with photographs and capacitance probes (for studying

the thin film thickness in the intake manifold). The fuel vapor was studied by using a probe

that brought the vapor mixture into a catalytic converter. Itano et al. [80] continued this

work and compared qualitatively the mixture quality from three different carburetor designs.

These experimental tools have two areas for improvement: the capacitance probes for

film thickness measurement could not be calibrated appropriately, so the results were quali-

tative; and there was no indication of the droplet sizes resulting from the different carburetor

configuration.
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2.7 Discussion

The literature review studies revealed that there are several opportunities to improve the

understanding of air and fuel flows in carburetors. These opportunities may be summarized

into the following topics:

• The previous theoretical models of fuel flow did not take into consideration the dynamic

flow. The only attempts assumed a quasi-steady state model, which does not capture

the inertia of the fuel flow.

• The previous theoretical models simplified the two-phase flow inside carburetor pas-

sages by using a homogeneous model. However, flow visualization experiments demon-

strated that, for the ranges of air and fuel flows that may take place in these passages,

the two-phase flow regimes may have characteristics that differ noticeably from a ho-

mogeneous two-phase flow model. Additionally, pressure drop correlations based on

two-phase flow regime maps or developed specially for these flows have not been im-

plemented into the carburetor flow network.

• The solution of intake air flows are widely available in one-dimensional engine simula-

tion packages, but there have not been studies that incorporate the solution of both air

flow and fuel flow networks. This lack of coupled models has prevented the theoretical

study of how individual carburetor parts affect the engine performance.

• The characterization of the flow through small metering orifices has relied mainly on

the experimental determination of their discharge coefficient. The theoretical studies

addressed very ideal cases not applicable to the complex geometries found in real-life

orifices. The results of CFD studies for flat plate orifices and diesel injectors motivates

the application of CFD to the carburetor’s small orifices.
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• The studies on air flow across venturi have been done for geometries without any

restriction in the flow path. Actual carburetors have the fuel nozzle protruding into

the venturi throat, creating a large restriction on the flow and a change in the flow

field at the tip of the fuel nozzle. All of the differences between an ideal compressible

nozzle and the actual flow are captured by the calculation of the venturi’s discharge

coefficient, which is typically done experimentally on steady flow benches.

• The studies on the interaction between air flow and fuel droplets from carburetors

inside intake manifolds have assumed either mono-dispersed droplets under unsteady

flow, or a particle size distribution under steady flow. Additionally, such studies have

simulated one-dimensional flow, which did not capture the three-dimensional effects

that each of the carburetor parts may have on the flow.

• The diagnostic tools for characterizing the flow from carburetors may be improved in

order to study the instantaneous nature of the fuel flow from carburetors, back-flows,

droplet sizes for the pulsating flow, fuel puddling and film flow into the intake manifold.
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Chapter 3

Carburetor Model

This chapter discusses the development and application of a theoretical model of carburetor

air and fuel flow. Two improvements were made to the previously published models: first,

the dynamic nature of the fuel flow was captured with the solution of instantaneous one-

dimensional mass and momentum balance equations in the single-phase part of the emulsion

tube. Second, the two-phase flow model for the airflow and fuel flow inside the emulsion

tube was revised with an experimentally derived correlation for small-diameter pipes. The

model was implemented in EES, which allowed for the development of parametric studies

of fuel flow as function of changes in different carburetor parts. Finally, the model was

incorporated in GT-Power, and used for studying the effect of changes in carburetor parts

on engine performance.

3.1 Steady State Model

Although each carburetor design is slightly different, or additional circuits may be present in

individual models, it is possible to define some basic elements that can be used as building

blocks to describe any carburetor design. Figure 3.1 shows a carburetor with only the main

circuit. It contains all the different basic elements, which may be classified into:

Reservoirs: Volumes that act as fuel storage, where the fuel level is determined by the

hydrostatic weight of the column of fuel and the static pressure at an orifice where fuel

is allowed to escape.
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Metering orifices: Small orifices that restrict the flow and reduce the mass flow rate.

They are characterized with experimentally determined discharge coefficients. Previous

models of carburetors had orifices with adjustable cross sectional area, but current small

engine carburetors are use constant area orifices.

Single-phase flow tubes: Carburetor passages that may be characterized by single-phase

momentum balance equations. They include pressure losses due to friction and acces-

sories, such as bends, expansions and contractions.

Two-phase flow tubes: Small tubes where fuel and air can mix. Appropriate correlations

must be used for the characterization of the pressure loss along these tubes.

Figure 3.1: Main parts of a typical carburetor used in small engines.

The theoretical modeling of carburetor fuel flow is based on the representation of the car-

buretor circuits as a flow network. One-dimensional momentum balance equations describe

the flow across the branches of the flow network, and mass balance equations enforce mass

conservation at the network nodes. Figure 3.2 shows a flow network representation of the

carburetor circuits shown in Figure 3.1. In this figure, the static pressure at each node is

labeled as P and the mass flow rate as ṁ. Different line-widths are used to indicate if air,

fuel or air-fuel mixture flow along an specific branch.
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Figure 3.2: Schematic of carburetor as flow network

3.1.1 Derivation of carburetor model

The following equations are used to represent the parts in the carburetor shown in Figure 3.1.

Venturi: The air mass flow rate, ṁa, through the carburetor venturi can be modeled using

the equations for a compressible nozzle given by

ṁa = CD,tAt Φ
√

2ρa0(Pv,0 − Pv,t), (3.1)

where CD,t is the discharge coefficient based on the throat area At, ρa0 is the density of

air at atmospheric conditions, Pv,0 is the total pressure at the inlet of the venturi and

Pv,t is the static pressure at the throat [4]. Φ accounts for the compressible effects;

Φ =

 [γ/(γ − 1)]
[
(Pv,0/Pv,t)

2/γ − (Pv,0/Pv,t)
(γ+1)/γ

]
1− Pv,0/Pv,t

1/2

, (3.2)

where γ is the isentropic coefficient of air.
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Fuel bowl: Assuming that the fuel level in the fuel bowl is kept constant, the pressure at

the bottom of the fuel bowl, Pfb,b, is given by

Pfb,b = Pfb,t + ρfghfb, (3.3)

where Pfb,t is the pressure on top of the fuel free surface in the fuel bowl, ρf is the fuel

density, g is the gravitational acceleration constant, and hfb is the fuel level. Depending

on the carburetor design, Pfb,t may be the static pressure at the inlet of the venturi,

or it may be the stagnation pressure after the airflow has gone through an orifice.

Main fuel orifice: Fuel flow, ṁf , through a calibrated orifice can be modeled by

ṁf = CD,mjAmj

√
2ρf (Pfb,b − Pmj), (3.4)

where CD,mj is the discharge coefficient based on the orifice area, Amj , and Pmj is the

static pressure downstream of the orifice.

Single-phase flow in emulsion tube: Only fuel flows through the bottom section of the

emulsion tube. The single-phase flow in this section of the emulsion tube can be

modeled using a momentum balance equation in a circular pipe, taking into account

pressure losses due to friction and sudden expansions [81]. It is modeled as

Pmj + ρf

v2
mj

2
= Pet,0 + ρfgLet,0 + ρf

v2
et,0

2

(
1 + f

Let,0

Det

)
+ km

v2
mj

2
, (3.5)

where vmj is the velocity in the main fuel orifice, Pet,0 is the pressure at the end of the

single-phase part of the fuel tube, Let,0 is the length of this tube, Det its diameter, f is

the Darcy friction factor and km is the pressure loss coefficient for sudden expansion.
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Fuel well surrounding the emulsion tube: Under steady state conditions, the main func-

tion of the fuel well is to control the covering or exposure of the emulsion tube holes

in order to allow air to bleed through this system. The fuel level, hfw, in the well can

be found from

Pmj + ρf

v2
mj

2
= Pfw + ρfghfw, (3.6)

where Pfw is the air stagnation pressure above the free surface.

Emulsion tube holes: The emulsion tube has several levels of holes, as shown in Figure

3.3. These holes are drilled in sets of 2 or 4. They divide the emulsion tube into

sections along the flow direction where different amounts of air travel with the fuel

flow. When a level of holes in the emulsion tube is exposed, air can enter the emulsion

tube if the pressure of the air in the fuel well is higher than the static pressure inside

the emulsion tube. The air flow, ṁa−ab,i , through the ith level of emulsion tube holes

is given by

ṁa−ab,i = CD−ab,iAab,i

√
2ρa

(
Pfw −

(
Pet,i −

4σ

Dab,i

))
, (3.7)

where CD−ab,i is the discharge coefficient for the emulsion tube hole based on the area

Aab,i, Dab,i is the diameter of the hole and σ is the surface tension of the fuel. The

mass flow through the segment i of the emulsion tube, ṁa−ab,i, is equal to the mass

flow through the previous segment and the air drawn through the air bleed hole,

ṁa−ab,i = ṁa−et,i + ṁet−a,i−1. (3.8)

Finally, the total airflow through the air bleed system is the sum of the air through all

the levels of air bleed holes,

ṁa−ab =
levels∑
i=1

ṁa−ab,i. (3.9)
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Figure 3.3: Detailed view of the emulsion tube and emulsion tube holes

Two-phase flow inside the emulsion tube: The pressure drop across a section of the

emulsion tube is a function of the air-bleed and fuel flows inside it:

Pet,i−1 − Pet,i = ∆P2Φ(ṁf , ṁa−et,i), (3.10)

where Pet,i−1 is the pressure at the beginning of this segment and Pet,i the pressure at

the end of the segment. A detailed description of this function will be given in § 4.1.

Air orifice: Air flow through the air bleed system is restricted by an orifice located at the

inlet of the venturi. As very small amounts of air flows through this system, it can be

described by the equation of an incompressible nozzle:

ṁa−ab = CD,ajAaj

√
2ρa(Pv,in − Paj), (3.11)

where CD,aj is the discharge coefficient based on the orifice area Aaj and Paj is the

pressure after the orifice.
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Air path: The flow through the air-bleed system can be modeled as incompressible viscous

pipe flow with friction losses and expansion losses,

Paj + ρa

v2
aj

2
= Pfw + ρa

v2
ap

2

(
1 + f

Lap

Dap

+
∑

km,ap

)
+ kmρa

v2
aj

2
, (3.12)

where vap is the mean velocity in the air bleed system whose length and diameter are

Lap and Dap, and km,ap is the pressure loss coefficient for bends and expansions in the

system.

3.1.2 Implementation of the steady state model in EES

The steady-state model of fuel and airflow in the carburetor described in Figure 3.1 was

implemented in EES [82]. Figure 3.4-a shows the prediction of fuel flow as function of

airflow through the venturi, for a carburetor with one level of holes in the emulsion tube.

Figure 3.4-b shows the fuel level in the fuel well. Several features are captured by this model:

• There is a minimum air velocity required to overcome the hydrostatic pressure difference

between the fuel bowl and the venturi throat.

• There is a wide range of air velocities where fuel flow increases linearly with air flow in

the venturi.

• At higher air flows, compressibility effects start to be noticeable as a similar increase in

pressure drop in the venturi draws less air mass due to its compressibility.

• The exposure of the emulsion tube holes produces a sudden increase in fuel flow (labeled

as start of air-bleed). This effect is caused by a decreased mean density inside the

emulsion tube, which results in a higher fuel flow for the given pressure drop. Such an

effect has been seen in previous experimental studies, e.g., Figure 2.10. The difference
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between the two-phase flow models (homogeneous model and empirical correlation) is

indicated by a smaller jump in fuel flow and a smoother transition in fuel level predicted

by the empirical two-phase pressure drop correlation compared with the predictions

from the homogeneous model.

Figure 3.4: Theoretical results from the steady-state model of fuel flow for a carburetor with
one level of holes, as function of airflow across the venturi. (a) Fuel flow, (b) Fuel level in
the fuel well.

3.1.3 Experimental validation of the steady state model

The steady-state model was validated experimentally by measuring the fuel and air flows in

a commercial carburetor (Nikki). Figure 3.5 shows the experimental setup. A flow-amplifier

was used to create a low pressure zone downstream of the carburetor. This low pressure

drove air at the laboratory conditions to pass through the system. The emulsion tube in

the carburetor was a brass tube of 0.5 cm in diameter and 4 cm in length, and it had

three levels of holes. A pump was used to supply mineral spirits to the float valve of the

carburetor at approximately the same pressure that would be generated by an elevated fuel

tank. The appropriate specification of the boundary conditions of the flow network required

measurements of the inlet air velocity, the pressure at the inlet of the venturi, the pressure
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difference between the inlet and the outlet of the carburetor and the fuel level inside the fuel

bowl. The operation of the system consisted of two steps: first, the air flow was set, which

created a constant low-pressure downstream of the carburetor; only when the system had

reached a steady-state condition (i.e., constant fuel flow) were the measurements of the fuel

flow registered.

Figure 3.5: Experimental setup for carburetor fuel and airflows

Figure 3.6 shows the comparison between the experiments and the prediction from the

steady-state model. In this figure, the solid line represents the prediction of the model,

and the circles the experimental results. The uncertainty propagation of the predicted fuel

flow based on the measurements of the boundary conditions is shown as gray lines. The

uncertainty of the measurements was ±2 cm3/min. These results indicated that the model

was successful at capturing the effect of the metering elements and the pressure drop in the

emulsion tube. The model captured the sudden jump after the air-bleed system started to

work and the fuel flow at higher velocities when the two-phase mixture was formed in the

emulsion tube.
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Figure 3.6: Experimental validation of the steady-state fuel flow, with a commercial carbu-
retor.

3.1.4 Quasi-steady-state approximation

The steady-state model may be used under varying pressure boundary conditions, by using

a quasi-steady-state approximation. Such a strategy was used in References [5,10,38,41,43].

Figure 3.7-a shows an idealized sinusoidal pressure variation imposed to venturi throat, as

function of an angle θ (argument of the sinusoidal function). The solution of the quasi-

steady-state model for these pressure conditions is shown in Figure 3.7-b. It can be noted

that both air and fuel flow exactly follow the pressure variation. As a result of using a

quasi-steady-state assumption, the solution from the model is independent of the frequency

of the pressure change.

The use of a quasi-steady-state assumption can be used for an approximation for instan-

taneous air and fuel flows in the carburetor. However, the limitations are that inertial effects

are not captured and an integrated air-fuel ratio remains constant regardless of the frequency

of the pressure fluctuation.
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Figure 3.7: Quasi-steady-state model. (a) Idealized sinusoidal pressure variation at venturi
throat and air velocity at venturi inlet. (b) Instantaneous fuel and airflow from carburetor.

3.2 Dynamic Model

The instantaneous one-dimensional momentum balance equation for incompressible flow

across a constant area pipe can be written as

∂u

∂t
+

1

ρ

∂P

∂x
+

4τw
ρD

+ g = 0, (3.13)

where τw is the shear stress on the wall and D is the tube diameter.

By using the Darcy friction factor, f , defined as f = 8τw/(ρu
2), Eqn. (3.13) may be

written as [83]:

∂u

∂t
+

1

ρ

∂P

∂x
+ f

1

D

u2

2
+ g = 0. (3.14)

Equation (3.14) may be used for the characterization of the one-dimensional instanta-

neous flow in a vertical pipe.
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3.2.1 Characterization of the dynamic behavior of a single-phase

vertical pipe

Before applying the instantaneous momentum balance equation to the carburetor model, two

concerns were addressed: i. What are the characteristics of having this differential equation

in the flow network? and ii. What parts should be characterized with this equation? Only

the tubes with liquid flow or those with two-phase flow too?

Figure 3.8-a shows the configuration of a vertical pipe for the analysis of a single-phase

flow pipe under dynamic conditions. The instantaneous flow rate in this element is given by

the solution of Eqn. (3.14) under the boundary conditions Pup and Pdown.

Figure 3.8: Basic configurations for the study of the dynamic behavior of a flow network
element. (a) Single-phase pipe, (b) Two-phase flow network

In order to assess the behavior of this element in the flow network, a step function was

applied to the static pressure Pup, while Pdown remained constant. The instantaneous relative

velocity (ratio between instantaneous velocity and the maximum velocity, v/vmax) is shown

in Figure 3.9; in this Figure, at time t = 1, a sudden decrease in Pup is applied to the pipe.

Different flow parameters like density, viscosity, length and diameter were changed in order

to see the effect on the time response of the fluid flow inside this pipe.
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Figure 3.9: Comparison of the time response of a single-phase flow network, as function of
different flow parameters

The comparison between all these cases was based on the calculation of the time constant,

τ , defined as the time value when the relative velocity reached a value of 0.632 after the step

function was applied. Figure 3.10 shows a comparison of the time constant for the different

parameters studied. A greater time constant means that the flow will require more time to

reach a steady-state solution. From this figure it was found that:

• Density is the most relevant parameter in the dynamic response of the vertical pipe

placed in the flow network. There is a difference of two orders of magnitude in the
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time constant of a pipe using a liquid of density 1000 kg/m3 and the same pipe using

air (1 kg/m3).

• An increase in the diameter or in the length of the pipe results in an increase in time

constant. Both of these parameters increase the amount of fluid that must be carried

through the pipe, therefore increasing its inertia.

• Viscosity plays a minor role, but it was the only parameter that decreased the time

constant with an increase in its value. The effect of viscosity on Eqn. (3.14) is only

seen in the friction factor; an increase in viscosity results in a larger friction factor, and

therefore it reduces the velocity gradient . Finally, a smaller du/dt is characterized by

a larger time constant.

The fact that the dynamic flow in a vertical pipe is affected the most by the density of

the fluid has two effects: i) it implies that in the carburetor flow network, the response of

the air passages is two-orders of magnitude faster than that of the liquid parts, therefore

those air passages might be modeled with an algebraic momentum balance equation; and ii)

those flow network branches with two-phase flow might need to be also characterized with a

differential equation, since their time response might be of the same order or magnitude as

that of the liquid branches.
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Figure 3.10: Comparison of the time constant of a single-phase flow network, as function of
different flow parameters: density, viscosity, length and diameter.
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3.2.2 Characterization of the dynamic behavior of a flow network

with two-phase flow

Figure 3.8-b shows the configuration of a simple flow network with a two-phase flow pipe:

liquid flows through the lower part of the vertical tube, which is at Pdown; air travels through

the horizontal tube, from an inlet at pressure Pair, and enters the vertical pipe at its midpoint,

whose static pressure is Pmiddle; a two-phase flow mixture is created in the upper section of

the vertical tube, whose end pressure is Pup. For this analysis, the static pressures Pdown and

Pair were kept constant, while a step function was imposed to the the static pressure Pup

(i.e., a sudden decrease in Pup at t = 1).

The horizontal pipe, with only air, was represented with an algebraic momentum balance

equation. The flow inside the lower section of the vertical tube was represented with the

differential equation (3.14). In order to study the dynamic behavior of the entire two-phase

flow network, two characterizations of the upper section of the vertical tube were performed:

a. Algebraic momentum balance equation: The two-phase flow part was characterized

with an algebraic equation. The density and viscosity where calculated with the ho-

mogeneous two-phase flow model. The lower part of the network was characterized

with the differential equation for instantaneous momentum balance equation, and

b. Differential momentum balance equation: The algebraic equation for the two-phase

flow part of the network was replaced with the differential instantaneous momentum

balance equation (Eqn. (3.14)). The density and friction factor were found with the

homogeneous two-phase flow model.

The effect of liquid density, liquid viscosity, tube length and tube diameter on the time

constant of these two types of characterization of the two-phase flow element can be seen

in Figure 3.11. The trends found in this figure were the same as those seen in the dynamic
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Figure 3.11: Effect of liquid density and viscosity, and tube length and diameter on the time
constant of a flow network with two-phase flow pipe

single-phase vertical pipe, explained in § 3.2.1. The time constant increased with an increase

in liquid density, pipe diameter and pipe length; these parameters increase the inertia of

the fluid and therefore delay the instantaneous response. The time constant decreased with

liquid density, as an increase in viscosity results in a larger friction factor, and therefore a

decrease in the ability to respond to the pressure variation.
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Figure 3.12: Sensitivity analysis the time constant of a flow network with a two-phase flow
tube, with respect to different flow parameters: density, viscosity, pipe length and pipe
diameter.

The dependence of the model solution on the different parameters can be defined as

sensitivity [84]. The relative sensitivity, εi, of variable A with respect to parameter ki is

defined as

εi =
∂A

∂ki

ki

A
. (3.15)

When the results of Figure 3.11 are shown in a diagram of relative sensitivity (Figure

3.12), it is clearly seen that both versions captured the same trends and influence of flow

parameters. This conclusion indicates that the dynamic behavior of the flow network studied

may be captured with the use of a differential equation in the liquid section of the vertical

tube and with an algebraic momentum balance equation for the two-phase flow pipe. The use

of only one differential equation in the representation of the carburetor with a flow network

reduces substantially the mathematical complexity of the model and its solution, without

compromising the ability to capture the dynamic behavior.

This analysis was performed assuming a homogeneous model for the density and frictional

term in the momentum balance equation. One concern was to verify the behavior of the
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Figure 3.13: Comparison of the time response of a flow network with two-phase flow pipe,
with homogeneous and separated models

dynamic model with a different assumption than the homogeneous model. The density and

frictional terms were modeled with correlations developed for separated two-phase flow. The

density was modeled with a correlation for void fraction developed by Rouhani [85]. The

frictional pressure drop was modeled with a correlation developed by Friedel and described

by Whalley [86]. Figure 3.13 shows the comparison of the time response of a flow network

with a two-phase flow pipe modeled with the homogeneous and the separated models. It

was found that the dynamic behavior is very similar among the two two-phase flow models.

3.2.3 Implementation of the dynamic model for the carburetor

flow network

The dynamic model of the carburetor flow network was implemented in EES. This model

replaced the algebraic equation that modeled the flow in the lower section of the emulsion

tube by a differential equation that represents the instantaneous one-dimensional momentum

balance equation. The pressure at the venturi throat was simulated as a sinusoidal wave with
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same amplitude as that in § 3.1.4, and frequencies equal to 900, 1800 and 3600 rpm. The

predicted fuel flow is shown in Figure 3.14-a, where the solid line represents the fuel flow

calculated with the dynamic model and the dashed line shows the results from the quasi-

steady-state approximation. Some noticeable differences between the quasi-steady model

and the dynamic model are found in these plots:

• There is a delay between the pressure change and the fuel flow. This delay becomes more

noticeable with increasing frequency.

• The quasi-steady-state model has periods of time where the pressure difference in the

venturi is not enough to drive fuel flow. These regions are eliminated in the dynamic

model, since the fuel has enough inertia to keep flowing for some time after the pressure

difference has been reduced.

• This additional fuel flow results in a fuel-enrichment of the mixture delivered by the

carburetor. Such enrichment increases with the frequency of the pressure variation.

• The peak in fuel flow is decreased, also due to the inertial effect.

As expected, at lower frequencies (900 rpm) the unsteady model predictions approach

the quasi-steady-state model, since the inertial terms play a less important role when the

pressure conditions change slowly.

Finally, the integrated air-fuel ratio was calculated and is shown in Figure 3.14-b. The

fuel-enrichment effect with increasing frequency is apparent, with the air-fuel ratio going

from an average of 12.3 to 11.5. This enrichment due to pulsating flow compared with

steady flow agrees with the experimental study done by Moss [46].
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Figure 3.14: Results of dynamic model for changing venturi pressure at 900, 1800 and 3600
rpm. (a) Fuel flow, (b) Integrated air-fuel ratio
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3.3 Sensitivity analysis

Both steady-state and dynamic models were used to study the effect of geometry and physical

properties of air and fuel on fuel flow and air-fuel ratio. Figure 3.15-a shows the relative

sensitivity of fuel flow calculated with the steady-state model, under a constant air velocity

of 15 m/s. The description of the parameters used for the sensitivity analysis is found in

Table 3.1. It is apparent that the discharge coefficient, CD, of the main fuel orifice and the

diameters of the main fuel orifice, Dmj, and venturi throat, Dv,t, are the parameters that

cause the greatest impact on fuel flow. The negative value of the relative sensitivity caused

by the diameter of the venturi throat indicates that an increase in diameter would reduce

the fuel flow, since the pressure at the throat would be slightly higher. The low relative

sensitivities to the parameters that affect two-phase flow (diameter of emulsion tube holes,

Dab, length of emulsion tube sections, Let,1, diameter of air metering orifice,Daj, and length

of air-bleed system, Lap) indicate that under steady-state conditions these elements do not

cause a large impact on the fuel flow.

Table 3.1: Parameters considered during sensitivity analysis of carburetor model
Parameter Description
CD,mj Discharge coefficient of main fuel orifice
Dab Diameter of emulsion holes on the fuel tube
Daj Diameter of air-bleed metering orifice
Det Diameter of emulsion tube
Dmj Diameter of main fuel orifice
Dv,in Diameter of venturi inlet
Dv,t Diameter of venturi throat
hfb Fuel level in fuel bowl
Lap Total length of air-bleed passages
Let,0 Length of single-phase section of the fuel tube
Let,1 Length of first two-phase flow section of the fuel tube
µ Viscosity
ρ Density
σ Surface tension
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Figure 3.15: Relative sensitivity analysis of fuel flow for different parameters in the carburetor
model: geometry and physical properties. (a) Relative sensitivity of fuel flow calculated
with the steady-state model. (b) Relative sensitivity of air-fuel ratio calculated with the
dynamic model. The largest sensitivities correspond to the diameter and the discharge
coefficient of main fuel orifice and venturi throat.

Figure 3.15-b shows the relative sensitivity of air-fuel ratio calculated with the dynamic

model, under a theoretical sinusoidal pressure variation. Similar to the steady-state model,

the diameter and the discharge coefficient of the main fuel orifice and the venturi throat are

the parameters that cause the largest effect on the calculated air-fuel ratio. The difference

between the steady-state model and the dynamic model is found in the parameters that

affect two-phase flow: the relative sensitivities of emulsion tube holes, Dab, and air metering

orifice, Daj, can be seen now by small bars on Figure 3.15-b, which were nearly zero in the

quasi-steady-state model.

3.4 Implementation of the carburetor model in a one-

dimensional engine simulation software

Both steady-state and dynamic models were implemented into the one-dimensional engine

simulation software GT-Power. This implementation required that the carburetor model
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was written in Fortran, and coupled to the GT-Power simulation via user-defined functions.

It also required the implementation of the numerical methods for solving non-linear system

of equations. A modified Newton-Raphson method [87] was implemented for solving the

non-linear system of equations, and a Crank-Nicolson scheme was used for the integration

of the differential momentum balance equation in the dynamic model.

Figure 3.16: Schematic of carburetor model implementation into GT-Power implementation:
(a) GT-Power engine lay-out console. (b) Information flow chart showing the variables that
are passed from GT-Power to the carburetor model and viceversa.

A schematic of the implementation of the carburetor model in GT-Power is shown in

Figures 3.16-a and -b: GT-Power is responsible for calculating the instantaneous airflow

through the intake manifold. By doing this, it is ensured that the gas dynamics inside the

intake manifold are captured in the simulation. At each time step, the mass flow rate, ṁa,

the total and static pressures, P0 and P respectively, and the mean air velocity at the inlet of

the venturi, va,in, are captured by ‘sensors’ and sent to the carburetor model. These are the

variables that determine the boundary conditions for the fuel flow network under a steady-

state assumption. In addition to these variables, the dimensions of all of the carburetor parts

are sent from GT-Power to the carburetor model. This control from GT-Power allows the

user to see the effect of geometry on the fuel delivery from the carburetor.
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The carburetor model solves the non-linear system of equations, and calculates the in-

stantaneous fuel flow. This value is returned to GT-Power, and it is used to control the

instantaneous fuel delivered by a fuel injector. GT-Power continues the simulation for in-

cylinder combustion.

In the case of the dynamic carburetor model, the instantaneous fuel delivered by the

controlled fuel injector and the current time step are sent to the carburetor model. These

values are used to perform the integration and calculate the fuel flow in the next time step.

3.4.1 Modular organization

In order to make the implementation as modular as possible the carburetor model written

in Fortran was organized in the following organization:

• GT-Power engine lay-out console: From the engine lay-out console (e.g., Figure 3.16-

a), the user creates a user-harness component. This component creates the interface

between the engine console and the user-defined functions library. The geometry is

indicated in this element, as shown in Figure 3.17.

• GT-Power User Function Library: The ‘UserHarness’ function calls the function that

has the particular version of the carburetor model (e.g, three levels of holes and dynamic

model). It solves for the venturi flow and the fuel flow network.

– Venturi: Solves for the static pressure at the tip of the fuel tube. Having the

carburetor model solve for the static pressure at the tip of the fuel tube results

in an additional degree of freedom: the static pressure at the fuel tube may be

different from the average static pressure at the venturi throat, as will be explained

in chapter 6.
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– Fuel flow network: Given the pressure at the carburetor inlet and tip of fuel tube,

it solves for the fuel flow in the flow network. This function is particular to the

geometry of the carburetor, i.e., in particular it depends on the number of levels

of holes in the emulsion tube.

Figure 3.17: Carburetor information in GT-Power.

There are several functions that are used by different individual parts of the carburetor:

• ∆Ppipe: Pressure drop in a small pipe.

• ∆Ps,p: Pressure drop in a single-phase flow pipe.

• ∆P2pf : Pressure drop in a two-phase flow pipe.

• ṁhole: Incompressible mass flow rate in an emulsion tube hole.
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3.4.2 Numerical methods implemented in GT-Power for the solu-

tion of carburetor model

The numerical methods implemented for the solution of non-linear systems of equations are

based on the Newton-Raphson method. As shown in Fig. 3.18-a, this method evaluates

the function f(x) at a given initial value of the root x. After an evaluation of the gradient,

the value of x is updated towards the direction of the descending gradient. This algorithm

is generally expected to have quadratic convergence if the initial value of x is close enough

to the actual value of the root [88]. The Newton-Raphson method was implemented by

modifying an algorithm published by Press et al. [87]. This algorithm evaluates numerically

the Jacobian matrix of the system of equations. Two modifications were made to this

algorithm: first, in order to avoid the failure of the Newton-Raphson method when the

iteration reaches a local minimum (see Fig. 3.18-b); a limit to the updating step was imposed,

in order to avoid a very large update in x once it founds a near-zero gradient; second, a

procedure that checks for the limits of the possible values of certain variables was written

(e.g., positive magnitude of mass flow rates).

Figure 3.18: General behavior of the Newton-Raphson method. (a) Normal behavior, follow-
ing the non-zero gradient. (b) Failure at local maximum or minimum, where a zero gradient
is found.
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The first concern was to verify that the implemented methods produced a similar result

as another benchmark code. EES was chosen as the benchmark code. Figure 3.19 shows the

solution to the compressible flow in a converging nozzle under steady-state airflow. It com-

pares the results obtained with the numerical methods written in Fortran and implemented

in GT-Power, and the results in EES. The results were different only in the 5th decimal place.

Figure 3.19: Verification of numerical methods written in Fortran, with the calculation of
compressible flow in the venturi as a converging nozzle. (a) Compressibility factor as function
of air mass flow rate. (b) Static pressure at venturi throat as function of mass flow rate.

The results of the fuel flow network were compared, first with a carburetor without air-

bleed system (e.g., single-phase flow along the main fuel orifice and fuel tube). Figure 3.20-a

shows the comparison between EES and Fortran. The comparison for a carburetor with

an air-bleed system is shown in Figure 3.20-b. In both cases, both solutions were equal

within 1%.

As described in §3.2, the dynamic model requires the solution of an ordinary differential

equation (ODE), which takes into account the instantaneous flow inside the single phase

part of the emulsion tube. The simplest methods for the numerical integration of an ODE

can be classified as:
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Figure 3.20: Verification of numerical methods written in Fortran. (a) Fuel flow in carburetor
without air-bleed system. (b) Fuel flow in carburetor with air-bleed system.

Explicit: the derivative is calculated with the values of the variables in the previous time

step (du/dt = f(xn)).

Implicit: the derivative is calculated with the values of the variables in the current time

step (du/dt = f(xn+1)).

Crank-Nicolson: the derivative is calculated as an average of the result from the previous

and the current time step (du/dt = 0.5f(xn) + 0.5f(xn+1)).

N-order Runge-Kutta: the derivative is calculated as a weighted average of the function

evaluated at N time steps, typically four (du/dt =
∑N

i=1 αif(xi)).

Although the 4th order Runge-Kutta is the method most widely used, it was not possible

to implement in this configuration between GT-Power and user-defined functions. GT-Power

gives the boundary conditions to the carburetor model at only one instant of time, and then

the user defined functions solve for the carburetor flow network. Therefore, it was only

possible to keep track of the previous and current time step. For this reason, the Crank-

Nicolson method was used for the integration of the dynamic model.
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3.4.3 Results in GT-Power

Figure 3.21: airflow across venturi for a single-cylinder engine, calculated in GT-Power

As an example of the results obtained from the implementation, Figure 3.21 shows the

mass flow rate of air predicted by GT-Power for a single-cylinder engine, as function of crank-

angle. The negative value of the mass flow rate during the compression stroke indicates

that, for this configuration of inlet valve timing and gas dynamics, there is a back-flow in

the intake manifold. A carburetor with three-levels of holes was used for this example. The

instantaneous fuel flow predicted by steady-state model is shown in Figure 3.22. As indicated

in section 3.1.4, the quasi-steady model gives an instantaneous fuel flow that follows exactly

the airflow. In this Figure, the dashed line is the fuel flow calculated in EES, using the

airflow conditions calculated from GT-Power. The solid line is the result of the carburetor

model written in Fortran and implemented in GT-Power. The results between the two codes

were very similar.

The results of the implementation of the dynamic model of the carburetor in GT-Power

are shown in 3.23. The fuel flow calculated with the dynamic model in EES is shown as

a dashed line, and the fuel flow calculated from the Fortran routines is shown with a solid

line. It was found that there was a slight difference between the solution of the dynamic
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Figure 3.22: Fuel flow predicted by the implementation of the carburetor model into GT-
Power and EES. Steady-state model applied using quasi-steady-state approximation.

carburetor model with EES and with the routines written in Fortran and implemented in

GT-Power. But the trends captured in the two cases were the same, such as:

• the time delay between the pressure signal at the tip of the fuel tube and the instan-

taneous fuel flow,

• the reduction in peak fuel flow in the dynamic model, due to the same time delay to

respond to the pressure variation,

• the roll-off behavior once the pressure signal has been reduced to a point were no fuel

flow would be possible under steady-state conditions.

All of these phenomena were seen in the theoretical sinusoidal pressure variation in § 3.2.3.

The use of the dynamic model of the carburetor resulted in a fuel-enrichment of the mixture

delivered to the engine compared with the steady-state model.

This implementation can be used for sensitivity analysis of the engine performance with

respect to the different parameters in the carburetor. As an example of a sensitivity analysis,

Figure 3.24 shows the effect of main fuel orifice diameter, venturi throat diameter, emulsion
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Figure 3.23: Verification of numerical methods written in Fortran: comparison between
dynamic solution in EES and the Fortran code implemented in GT-Power.

tube diameter and emulsion tube length on the average air-fuel ratio of a simplified single

cylinder engine (see Figure 3.16). These plots indicated the same trends seen in the charac-

terization of the models, explained in § 3.3: the main fuel orifice and venturi throat diameter

are the main parameters responsible for the amount of fuel delivered to the engine.

These results showed the feasibility of studying the effect of carburetor parts on air-fuel

ratio and engine performance. As the objectives of this study did not take into consideration

the actual combustion processes inside the cylinder, the limitations of the current carburetor

model are restricted to the prediction of the amount of fuel delivered to the engine. As the

combustion models were not modified in the modeled engine in GT-Power, the final engine

performance (i.e., emissions and power output) of all of the conditions simulated in Figure

3.24 followed a single curve as function of air-fuel ratio. Figure 3.24 shows how the NOx

levels and IMEP values given by GT-Power during all of the sensitivity analysis cases in

Figure 3.24 fall on the same curve of air-fuel ratio.
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Figure 3.24: Sensitivity analysis of integrated air-fuel ratio as function of carburetor parts,
such as main fuel orifice diameter, venturi throat diameter, emulsion tube diameter and
emulsion tube length. Calculations performed in GT-Power with carburetor model.

3.5 Discussion

As described in § 1.2, the carburetor phenomena can be classified into two different problems:

the metering of the right amount of fuel as function of engine operating conditions, and the

quality of the delivered air-fuel mixture in the form of droplets, vapor and thin films on the

manifold walls. The analysis performed in this chapter addressed the first problem.

It was shown that it is possible to perform an analytical representation of the fuel and air
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Figure 3.25: Results from engine performance parameters from GT-Power as function of
air-fuel ratio with carburetor model. (a) NOx emissions. (b) IMEP.

flows inside a carburetor. The availability of a theoretical representation of the carburetor

may result in a reduced trial-and-error effort during the stages of engine modifications or

engine design. The theoretical model allowed for the analysis of the most important elements

affecting the fuel flow from this device, and the trends followed by the fuel delivery as function

of carburetor parts.

The present chapter showed several improvements over previous carburetor models, such

as the implementation of dynamic equations that represent the dynamic flow inside the

carburetor fuel flow network, and the use of an appropriate two-phase flow correlation for

the emulsion tube.

The analysis of the dynamic flow inside the carburetor resulted in a theoretical charac-

terization of a dynamic flow network with multiphase flow parts. The characterization of the

time response in terms of a time constant showed that the use of a differential momentum

balance equation for the characterization of the instantaneous flow inside a vertical pipe

was appropriate for capturing the dynamic behavior of the entire flow network. This con-

clusion resulted in a significant reduction in level of complexity of the mathematical model
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of the emulsion tube; if the two-phase flow sections required a differential equation for its

characterization, this would have resulted in a more complex system to model and solve.

The sensitivity analyses showed that the diameter and the discharge coefficient of the

main fuel orifice and the venturi throat are the parameters that affect the fuel flow predicted

by the steady-state and the dynamic models the most. This is knowledge that has been

available to technicians and engine enthusiasts for a long time, but the fact that it is possible

to have these results in a mathematical model will allow for the study of these parts on engine

performance. The importance of these two parts encouraged the detailed analysis of their

behavior in a CFD package, which will be shown in chapters 5 and 6.

The implementation in GT-Power was a step towards the usability of this model for the

prediction of the effect of carburetor parts on engine performance. A constraint found in

GT-Power and that must be addressed in the continuation of these studies is the use of

different in-cylinder combustion models that may be more sensitive to the air-fuel mixture

quality delivered by the carburetor.

The experimental validation of this model was performed during steady-state airflow.

It was shown that the phenomena inside the carburetor were captured by the theoretical

model: the values of airflow required to have fuel flow, the point where the air-bleed system

is activated, the fuel enrichment produced by this system, and the increasing fuel flow with

increasing airflow. The experimental validation of dynamic flow was not performed in this

study, and must be addressed during the continuation of the analysis of carburetor flows.
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Chapter 4

Characterization of two-phase flow in

small vertical pipes

The carburetor model described in chapter 3 requires the characterization of the two-phase

flow in the emulsion tube. This chapter presents the comparison of published correlations

to predict the pressure drop in vertical pipes of diameter and length similar to the emulsion

tube used in real carburetors. An experimental setup was built to verify the validity of these

correlations, and the results were used to develop a more appropriate correlation for small

vertical pipes. Two generations of experiments where performed: first, a constant diameter

pipe was used to show the difference with the previous two-phase flow models. The second

generation of experiments extended the geometry of small vertical pipes over a range of

diameters and lengths. A more general correlation was developed from these experiments,

which was implemented in the carburetor model.

4.1 Prediction of pressure drop with the homogeneous

model and published correlations

Air and fuel can mix inside the emulsion tube. The characterization of the flow across this

element requires the use or appropriate two-phase flow models for the particular dimen-

sions found in real carburetors. Typically, the previous carburetor models had used the
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homogeneous equilibrium model to describe the pressure drop in the emulsion tube. The

homogeneous model assumes that the gas and the liquid travel at the same velocity inside

the pipe, and that they create a mixture of homogeneous properties. The effect of this

assumption is that a mean density and viscosity are adequate to characterize the flow. Ex-

amples of the use of this model in carburetor studies are those performed by Harrington [89],

Szczecinsky [43], Shinoda [10], and Furuyama [38]. On the other extreme of two-phase flow

models is the separated-flow model, where the two phases are assumed to flow in parallel

sharing the cross-sectional area of the pipe without mixing and with different velocities.

Figure 4.1: Differential element for the calculation of pressure drop using the homogeneous
model

The pressure difference in a two-phase flow pipe under steady state conditions can be

regarded as the addition of a frictional and a gravitational pressure change term:

−dP
dz

=
dP

dz

∣∣∣∣
f

+ ρmg sin θ, (4.1)

where ρm is the mean density of the two-phase flow (see Figure 4.1). This mean density can

be calculated as a function of void fraction, α, as

ρm = αρg + (1− α)ρl. (4.2)

The problem is to find the appropriate models for the frictional losses and the gravita-

tional pressure difference for the specific case under study (i.e., small vertical tubes). In
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this study, different models were compared: for the gravitational pressure diference, the ho-

mogeneous model as described by Wallis [47]; the void fraction correlations developed by

Rouhani and recommended by Diener and Friedel [85], as well as the correlation developed

by Yashar [90]; for the frictional pressure drop, the correlation developed by by Müller-

Steinhagen and Heck [91], and the one developed by Friedel and described by Whalley [86].

4.1.1 Gravitational pressure drop

The gravitational pressure drop term requires the definition of a characteristic density. As

indicated in Eqn. (4.7), the calculation of the density can be done by modeling the void

fraction, α. The comparison of void fraction between the homogeneous model, Yashar’s and

Rouhani’s correlations is shown in Figure 4.2-a, where the void fraction is shown as a function

of quality, x (i.e., mass fraction). It can be seen that the homogeneous model predicted the

highest change in void fraction as function of gas flow rate: even at small values of quality,

x, the void fraction reaches almost unity. Rouhani’s correlation predicted the smallest effect

of gas flow on the void fraction, and Yashar’s correlation was in between the two models.

Figure 4.2-a shows the the mean density as function of quality. The homogeneous model

predicted the highest influence of gas flow, where a small amount of gas flow results in a

substantial decrease in density; Rouhani’s correlation predicted the smallest influence.

The two extreme models (i.e., the homogeneous model and Rouhani’s correlation) where

used to predict gravitational pressure difference in a vertical pipe of 10 cm in length and 6

mm in diameter. Figures 4.3-a and -b show the contours of the gravitational pressure drop

as function of gas flow rate and liquid flow rate. Both figures show very different trends and

magnitudes: the diagonal trends in Figure 4.3-a indicate the combined effect of liquid and

gas flows in the homogeneous model, while the vertical contour lines in Figure 4.3-b show

the high effect of gas flow rate in Rouhani’s correlation and small influence of liquid flow
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rate.

Figure 4.2: Effect of two-phase flow models on terms that affect the gravitational pressure
drop in a vertical pipe. (a) Void fraction and (b) Mean density

Figure 4.3: Lines of constant gravitational pressure drop for a short vertical pipe as function
of air and fuel flow. (a) Homogeneous model, (b) Rouhani’s correlation.
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Figure 4.4: Effect of quality on the pressure drop in a vertical tube of 50 cm in length and
6 mm in diameter, using homogeneous model, Friedel’s and Müller-Steinhagen and Heck’s
correlations

4.1.2 Frictional pressure drop

The comparison of the frictional pressure drop in a vertical pipe is shown in Figure 4.4.

In order to perform this comparison, the pressure gradient due to friction, dp/dx, was cal-

culated for a vertical tube of 6 mm in diameter as function of quality. The homogeneous

model predicted a linear increase in pressure gradient with increasing quality. The other

two correlations predicted an increase until a quality of ≈0.85, and then a decrease until

they matched the pressure drop for 100% gas flow. Similar to the gravitational term, the

frictional pressure drop was calculated for a vertical pipe of 10 cm in length and 6 mm in

diameter, as shown in Figure 4.5, using the homogeneous model and Friedel’s correlation.

Again, both models indicated different trends and magnitudes; for the homogeneous model,

contour lines are almost horizontal, indicating the influence of liquid flow in the frictional

pressure drop. In Friedel’s model, the contour lines are almost vertical, indicating the higher

dependence of frictional pressure drop with respect to air flow.
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Figure 4.5: Lines of constant frictional pressure drop for a short pipe, using the homogeneous
model (a) and Friedel model (b), as function of air and fuel flow

4.1.3 Addition of gravitational and frictional pressure drops

The important element is the comparison of the magnitudes between the gravitational and

the frictional pressure drop terms. From the comparison of Figures 4.3 and 4.5 it can be

noted that the gravitational term is the dominant term, as it is almost an order of magnitude

greater than the frictional term.

The total pressure drop was calculated as the addition of the gravitational and frictional

terms (Eqn. 4.1), in a vertical pipe of 10 cm in length and 6 mm in diameter. The result from

the homogeneous model was compared with the addition of the gravitational pressure drop

by Rouhani’s correlation and Friedel’s correlations for frictional pressure loss. The results

from the homogeneous model is shown in Figure 4.6-a and the addition of the Rouhani’s and

Friedel’s correlation in Figure 4.6-b. It can be noticed that the trends are similar but the

magnitudes are very different.
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Figure 4.6: Lines of constant pressure drop for a short pipe as function of air and fuel flow,
using (a) the homogeneous model, and (b) addition of Rouhani’s gravitational- and Friedel’s
frictional-pressure drop models.

4.2 First generation of experiments for the character-

ization of two-phase flow in vertical pipes

An experimental setup was built with the objective of assessing the validity of the two-phase

flow models described in the previous section for the characterization of the air and liquid

flow inside the small-diameter passages inside carburetors. This setup, explained in Fig. 4.7,

allowed for flow visualization experiments of the two-phase flow regimes and pressure drop

measurements under different combinations of air and fuel flows. Fuel was pumped into a

clear vertical pipe of 6 mm in diameter. The liquid used was mineral spirits, which has

similar density and viscosity to gasoline, but lower volatility. House air was brought into the

clear pipe through a mixer, which was designed as a manifold that mimicked the lateral holes

in the emulsion tube. The test section was placed five pipe-diameters above the mixer. An

electronic pressure transducer was used to measure the pressure difference between pressure

taps located 10 cm apart.
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Figure 4.7: Experimental setup for the characterization of two-phase flow in the emulsion
tube.

Figure 4.8: Samples of still-images that show the two-phase flow configurations achieved in
a small vertical tube (10 cm long and 0.6 cm in diameter).

Figure 4.8 shows samples of the different two-phase flow configurations that were obtained

during the experiments. The results from these visualization experiments resembled the

two-phase flow regimes seen by Oya [11]. At low air flow, the bubbles are of small size

and lenticular in shape; at higher air flow bubbles grow and stretch, until they turn into a

complex churning flow. The impact of fuel flow is less apparent, since the bubble sizes and

the flow-structure remain similar for increasing fuel flow.
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Figure 4.9: Detailed schematic of vertical two-phase flow pipe.

The experimental setup allowed for the measurement of the pressure drop in the vertical

pipe. Different combinations of air holes were tested: one, two and four. Figure 4.10-a

shows the pressure difference measured by the pressure transducer, ∆PAB, as described in

Figure 4.9. These data were then used to calculate the static pressure drop between the two

pressure taps, ∆P21, as described by

P2 − P1 = −ρmg∆z − f
∆z

D
ρm
v2

2
, (4.3)

P2 − P1 = −∆PAB + ρlg∆z. (4.4)

Figure 4.10-b shows the isobaric contour lines that approximate the experimental results

of ∆PAB. These trends can be linked to the characteristics of the two-phase flow configuration

seen in the visualization experiments:

• At low air flow rates (qa < 0.2 l/min), the pressure drop is dominated by the air flow

rate. The pressure drop is almost constant with respect to liquid flow rate. This can

be seen in the change in bubble size and shape with air flow rate.

• At intermediate to high air flow rates, the pressure drop is a function of both air and

liquid flow rates.
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Figure 4.10: Pressure drop in the small vertical pipe, under combinations of 1, 2 or 4 holes
in the air-manifold. (a) Direct pressure drop measured by sensor (b) Isobaric contours that
approximate experimental static pressure drop, as function of air and fuel flow.
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• The comparison between the different cases of number of holes used indicated that the

pressure drop was very similar among all of the cases tested.

The last conclusion encouraged the development of a single function with all of the

data points acquired with the different cases of holes. The contours that approximate the

combined result of all of the experimental data are shown in Figure 4.11.

Figure 4.11: Lines of constant pressure drop for a short pipe, which approximate the exper-
imental results from all of the hole configuration cases.

The comparison between the contours shown in Figure 4.11 and those obtained with the

predictions from the homogeneous model and the correlations for separated flow (Figure

4.6) indicated that the trends were similar, but the magnitudes are different. Therefore, an

empirical correlation was developed to fit the experimental results. This correlation is shown

in Eq. (4.5). It was developed as a second order linear regression that gave an agreement of

R2 = 0.92. This correlation was then implemented in the carburetor model to characterize

the pressure drop inside the emulsion tube. The results from the experimental validation of

a real carburetor with an emulsion tube of 5 mm in diameter, indicated that this correlation

resulted in a appropriate prediction in a pipe of similar dimensions to the pipe used for its

derivation.
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dP

dx
= 5.66 · 103 + 3.70 · 106ṁf + 1.51 · 109ṁ2

f − 1.34 · 109ṁa + 8.31 · 1013ṁ2
a. (4.5)

The direct comparison with the initial data is shown in Figure 4.12. This figure shows

that this correlation is a simple way to represent the two-phase pressure drop in small vertical

tubes, such as those found in carburetors.

Figure 4.12: Comparison of developed correlation with experimental data

4.3 Second generation of experiments for the charac-

terization of two-phase flow in vertical pipes

The results from the first generation of experiments showed that the prediction from the

homogeneous model and published correlations are not appropriate for the characterization

of the pressure drop in a small vertical tube. The derived correlation was a simple solution

for the representation of the data, but had two problems: the correlation was an expression

with no physical meaning in its terms, and it was developed from a very limited geometry
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(i.e., only one diameter and one length). The second generation of experiments improved on

these problems by studying a range of small pipe diameters and lengths. This strategy also

allowed for more complete analysis of the data, based on physical terms.

The general setup used in these experiments was the same as the one used in the first

generation of experiments, as shown in Figure 4.7. The new element in this set up was

the replacement of the vertical clear tube with an interchangeable clear piece of PVC. This

piece of PVC had the small tube drilled into it, and the air manifold drilled at the bottom

of the tube. Figure 4.13 shows the different pieces built for these experiments. Table 4.1

shows the matrix of different geometries used in these drilled tubes, in terms of diameters

and length-diameter ratio.

Figure 4.13: Plexiglass models of the emulsion tube.

The experimental setup allowed for a range of airflow from 0.1 to 0.5 l/min, and a range

of fuel flow from 20 to 120 cm3/min. These ranges of flows created different two-phase flow

conditions that can be represented in a map of superficial velocities, v̄i, defined as

v̄i =
ṁi

ρiA
, (4.6)
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Table 4.1: Matrix of combinations of diameters and lengths used to characterize the two-
phase flow in the emulsion tube

Diameter L/D
mm 5 7 10
3 x x x
5 x x x
7 x x x

where the subscript i represents air or fuel, ṁ is the mass flow rate and A is the cross

sectional area of the tube. Figure 4.14 shows the map of gas and liquid superficial velocities

achieved in the three diameter pipes: 3, 5 and 7 mm. It can be seen that the 5 mm case

covers a small region of the superficial velocities achieved by the 3 mm case, and the 7 mm

covers a small region of the 5 mm case.

Figure 4.14: Map of conditions as superficial gas and liquid velocities achieved in the exper-
iments.

4.3.1 Experimental results

Figure 4.15 shows examples of the pressure drop between two points inside the tubes, as

function of airflow. Data sets are organized according to fuel flow. Figure 4.15-a shows the



88

Figure 4.15: Examples of pressure drop in small tubes. (a) 3 mm in diameter, (b) 7 mm in
diameter

pressure drop for the 3 mm tubes, with L/D of 5, 7 and 10. Figure 4.15-b shows the pressure

drop for the 7 mm cases, with L/D cases from 5 to 10. It can be seen that the pressure
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Figure 4.16: Examples of pressure gradient in small tubes. (a) 3 mm in diameter, (b) 7 mm
in diameter

drop trends are very similar among L/D for the tubes of same diameter. The trends differ

between the two diameters. Figure 4.16 shows examples of the pressure gradient, dp/dx, for

the 3 and 7 mm cases, with L/D of 5, 7 and 10. Similar trends were found to those seen
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in the results of pressure drop: the trends are similar for different L/D but for a constant

diameter. The trends differ among different diameters.

4.3.2 Analysis of results and correlation

From these experiments, it was not possible to discriminate the contribution of the gravi-

tational pressure drop and the contribution of the frictional pressure drop. As indicated in

Eqn. (4.7), a characteristic density, ρm, may be found as function of the void fraction, α.

For the following analysis, the assumption of a homogeneous void fraction was made, which

allows for the characterization of the frictional pressure drop:

α =
qa

qa + ql
. (4.7)

The assumption of a homogeneous void fraction implied that the two-phases travel at the

same velocity.

Having a model for the characteristic density, it was possible to model the frictional

pressure drop. The momentum balance equation in a vertical pipe under single-phase pipe

may be written as:

∆P = ρgL+ f
L

D
ρ
v̄2

2
, (4.8)

where f is the Darcy friction factor and v̄ is the mean velocity in the pipe.

This equation was used to model the pressure drop in a vertical pipe under two-phase

flow. With the assumption of a characteristic density, a mean velocity may be found and

the problem is reduced to finding an appropriate expression for the friction factor, f ′,

∆P = ρmgL+ f ′
L

D
ρm
v̄2

2
. (4.9)

The experimental results were used to find an expression for f ′. Figure 4.17 shows the
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calculated friction factor as function of mean velocity. The data sets are presented for

constant liquid flow rate with solid lines, and constant air flow rate with dashed lines. The

friction factor decreases with increasing flow rate. The rate of decrease is larger for lines

of constant airflow rate, than for lines of constant liquid flow rate. In both cases, the lines

converge to a plateau of almost constant friction factor.

Figure 4.17: Friction factor in the vertical tube with diameter 3 mm and 10 L/D, as function
of mean velocity and liquid and air flow rates.

This analysis was performed for all of the data sets. Figure 4.18-a shows all the calcula-

tions for the 3 mm tube case, with L/D of 5, 7 and 10. This figure shows that the behavior

is very similar for a tube of constant diameter. Figure 4.18-b shows the effect of different

diameters. It was found that the friction factor was a large function of mean velocity.

When the friction factor was plotted as function of kinetic energy (i.e., KE = ρmv̄2/2),

all the data points fell near the same line. Figure 4.19-a shows all the data points, with

different bullets for each of the pipe diameters. It was possible to develop a correlation for

all of the data points (see Figure 4.19-b), based on the kinetic energy,

f ′= 18.5(KE)−0.881. (4.10)
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Figure 4.18: Friction factor in the small vertical tubes. (a) Effect of L/D in the 3 mmm in
diameter cases. (b) Effect of diameter in the 10 L/D cases.
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This correlation was then used in Eqn. (4.9) to predict the pressure drop in the same

pipes that were measured. Figure 4.19 shows the comparison between the prediction from

the correlation and the original data. It was found that the pressure drop in the pipes with

diameters of 5 mm and 7 mm was predicted within 20%. The 3 mm case resulted in a larger

spreading of the data. This result indicated that the assumption of a homogeneous void

fraction is appropriate for the 5 and 7 mm cases, but not for the 3 mm diameter pipe.

Figure 4.19: Friction factor in small vertical pipes, as function of kinetic energy. (a) All data
points. (b) Correlation

The practical effect of this last conclusion, is that the developed correlation might be

used to characterize emulsion tubes of around 5 mm in diameter (e.g, carburetors used for

Kohler). Future work must be dedicated to find another model for void fraction in the pipe

of smaller diameter.

4.4 Discussion

It was shown that the published correlations and the theoretical homogeneous two-phase

flow models are not appropriate to characterize the pressure drop in small vertical pipes, of

similar dimensions than those found in small engine carburetors.
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Figure 4.20: Comparison between experimental and predicted pressure drop in small vertical
pipes.

A relatively simple experimental setup was built for the measurement of the pressure drop

in small diameter pipes, which also allowed for visualization experiments. This experimental

setup was used to develop a correlation that was used to predict the pressure drop inside

the emulsion tube.

A second generation of experiments was performed, which improved the range of geome-

tries studied and allowed for a more fundamental analysis of the data. By doing this, effects

caused by pipe length and diameter were studied, as well as the effect of air and liquid flow

rates.

The developed correlation was built from the assumption that the characteristic density in

these flows could be calculated from a void fraction, which used a homogeneous assumption.

This strategy left the frictional pressure losses as an additional degree of freedom. The

developed correlation consisted in finding an expression for the frictional pressure loss.

Based on a momentum balance equation for a single phase pipe, it was possible to capture

effects of diameter and length. The friction factor was correlated with the total kinetic energy

of the flow.
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The correlation proved appropriate to characterize the 5 and 7 mm diameter pipes. This

indicated that the assumption of a characteristic density, based on homogeneous assump-

tions, may be appropriate for the conditions achieved in these pipes. However, the correlation

was not appropriate for the 3 mm case. An explanation for this behavior may be seen in

the diagram of superficial velocities (Figure 4.6). The regions of conditions covered by the 5

and 7 mm pipes are relatively similar, while the ranges of superficial velocities in the 3 mm

case are much larger. Trying to correlate all the cases with the simple expression with the

kinetic energy resulted in a compromise that benefited the 5 and 7 mm, but penalized the 3

mm.

The flow in the 3 mm pipe may present a condition where the void fraction is very

different from the homogeneous assumption, i.e., the two-phases may travel at very different

velocities. Unfortunately, the measurement of the void fraction is very challenging. Future

work could look at different models of void fraction for this case.
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Chapter 5

CFD analysis of fuel flow in small

metering orifices

This chapter presents the CFD analysis of fuel flow across small metering orifices typically

found in small engine carburetors. The chapter is divided into three parts: first, the CFD

simulations for studying the liquid flow in square-edged orifices. These simulations indicated

the appropriate turbulent model and numerical parameters to be used in the study of orifices

with more complex geometries. Second, inlet and outlet chamfers were added to the square-

edged orifices, which allowed for understanding their effect on the characteristics of the flow.

Finally, the simulations were performed on geometries that represented metering orifices

found in real carburetors. The verification of the CFD predictions with experimental results

showed very good agreement. The information obtained from the CFD simulations were

used to develop correlations for the real orifices. These correlations are simple enough to

be incorporated into the carburetor model, which will allow for the study of the effect of

different orifice geometries on carburetor performance.

5.1 Square-edged orifices

The simplest kind of small metering orifices is one with a square-edged inlet and outlet.

Bolt et al. [12] studied the effect of L/D ratio and Reynolds number on the discharge

coefficient of square-edged orifices. The experimental results, shown in Figure 5.1, indicated
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that there are two characteristic behaviors depending on the L/D ratio: the shortest orifices

have an almost constant CD with Reynolds, while longer orifices have an increasing CD until

they reach a constant value.

Figure 5.1: Experimental discharge coefficient of square-edged orifices of different L/D [12].

5.1.1 Characteristics of the numerical model in Fluent

Fluent was used to perform a two-dimensional axi-symmetric simulation of square-edged ori-

fices. The modeled geometry (Figure 5.2-a) consisted of an orifice of diameter D = 1.03 mm

and length L that varied according to a L/D ratio between 0.1 and 10.6. The orifice also had

an upstream pipe of diameter Dap = 10D and length Luw = 5Dap, as well as a downstream

pipe of diameter Dap = 10D and length Ldw = 15Dap. The lengths of the upstream and

downstream pipes were chosen in order to guarantee that the inlet and outlet conditions did

not affect the region of interest, i.e., next to the orifice. A rectangular mesh was used in these

simulations, with higher mesh density near the orifice, as shown in Figure 5.2-b. The fluid

was iso-octane, with density ρ=680 kg/m3 and dynamic viscosity µ = 4.76× 10−4 kg/m-s,

which was used in Bolt’s experiments [12].

The mass flow rate was given as inlet boundary condition. As the liquid was incompress-

ible, the outlet boundary condition was set to ‘outflow’, which allowed Fluent to calculate
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Figure 5.2: Axi-symmetric geometry of square-edged orifice (liquid flows from the left). (a)
Definition of geometry. (b) Rectangular mesh used in simulations.

the static pressure at the outlet. A range of mass flow rate corresponding to Re between

500 and 5000 was studied.

The discretization schemes for momentum and turbulent quantities were selected as

second-order accurate in space, in order to reduce numerical diffusion [92]. The method

used for pressure-velocity coupling was the SIMPLE algorithm. The convergence criteria

was set to 10−4, so the solver continued the iterations until the scaled residuals1 reached this

value. Figure 5.3 shows an example of the convergence history of the conserved variables in

the simulation of small orifices with chamfers.

Figure 5.3: Example of convergence history of liquid flow simulations in small orifices.

1The residual sum of each of the conserved variables in the ith-iteration divided by the maximum residual
sum during the first five iterations
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5.1.2 Turbulence models

Four turbulent models implemented in Fluent [93] were compared in order to decide which

model was the most appropriate for the study of liquid flow across these small orifices: the

Standard k-ε, the Renormalization Group k-ε, the Realizable k-ε and the Reynolds Stress

model. The general differences between the k-ε turbulent models are based on the calculation

of the turbulent viscosity and of the dissipation of turbulent kinetic energy (ε); each model

accounts differently for the strain rates in the flow and the way that they affect the turbulence

dissipation equation [93]. In all the cases, the near wall treatment was set with standard

wall functions.

In order to capture the two different behaviors found in Bolt’s studies, two geometries

were tested: a very short orifice with L/D = 0.1 and a long orifice with L/D = 3.6.

Figure 5.4: Experimental [12] and Fluent-predicted discharge coefficient of square-edged
orifices as a function of Reynolds number. (a) L/D = 0.1. (b) L/D = 3.6

The results showed very similar velocity and pressure fields among the different turbu-

lence models. As the pressure values were similar, the discharge coefficient was very similar

between turbulent models. Figure 5.4-a shows the discharge coefficient for the L/D = 0.1

orifice calculated from the Fluent results. The four turbulence models gave an agreement
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with Bolt’s experiments within 2%; the Standard k-ε model was the only one that showed

a noticeable difference. The results for the long orifice with L/D = 3.6, shown in Figure

5.4-b, also gave good agreement with experiments (within 6%). The Standard k-ε model

also resulted in a larger difference.

5.1.3 Mesh sensitivity

In order to ensure that a converged solution with respect to mesh size was achieved, three

different mesh sizes were used in the two L/D cases, 0.1 and 3.6. Figure 5.5 shows the

mesh sensitivity of the Fluent solution, with mesh refinement in the x-direction and in the

y-direction. These figures show that the discharge coefficient reached a constant value at an

intermediate mesh size. In the case of the y-direction refinement, the finest mesh resulted

in a decrease in the discharge coefficient. This change in CD at the smallest value of ∆y is

explained by the use of standard wall functions; the additional decrease in the mesh resulted

in the first element to be within the viscous sub-layer, therefore, in a zone where the standard

wall functions are not valid [93].

Figure 5.5: Fluent-predicted discharge coefficient for different mesh sizes. (a) Refinement in
x-direction, (b) Refinement in y-direction
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5.1.4 Results of the numerical studies

From the comparison between the different turbulence models, it was found that the Real-

izable k-ε and the Renormalization Group k-ε models produced very similar results to the

Reynolds stress model, with less computational expense. The Realizable k-ε was used then

to simulate the orifices for a range of L/D from 0.1 to 10.6. The results, shown in Figure

5.6, indicated that the simulations captured the change in behavior between a short and a

long orifice: the orifices with L/D=0.1 and 0.6 have a nearly constant CD, while the orifices

with L/D > 1.4 present a different behavior, with a lower CD as L/D gets larger. This can

be expected from the larger effect that friction has inside the orifice.

Figure 5.6: Fluent-predicted discharge coefficient for different L/D

The velocity and pressure fields for orifices of L/D = 0.1 and 3.6, shown in Figure 5.7,

revealed the nature of the flow and gave an explanation for the different behaviors: the short

orifice is dominated by the flow downstream of the orifice, while the long orifice is primarily

influenced by flow inside the orifice.

The comparison with experimental values resulted in an overall agreement within 10%

for all the cases studied. The average absolute-error between all the predicted and experi-
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mental values was 4.6%. The error exhibited an increasing trend with L/D; for orifices with

L/D=0.1, a case that is similar to the simulation of orifice plates, the error was below 1%.

The simulations over-predicted the pressure losses, giving a lower discharge coefficient.

Figure 5.7: Contours of pressure and axial-velocity fields for L/D=0.1 and 3.6.

5.1.5 Development of the velocity profile inside small orifices

The two distinctive behaviors of a very short orifice and a long orifice may be explained from

the analysis of the velocity profile at the exit of the orifice. Figure 5.8 shows the velocity

profiles at the outlet of the orifice at Re=5000, for different L/D. The velocity profile from

the shortest orifice (L/D=0.1) is radically different from the other cases, showing that the

flow did not have time to attach to the wall and develop. In the largest L/D cases (3.6 - 10.6)

the flow had time to attach and develop, and the velocity profile at the outlet of the orifice

is turning into a turbulent velocity profile. The L/D=0.6 is a case where the flow is close

to attachment, which explains the dramatic change in behavior between the short and long

orifices.

The attachment of the velocity profile to the wall and its later development can be

assessed by studying the shear stress on the wall, τw, as function of distance from the orifice

inlet (see Figure 5.9-a). The vertical lines on this plot indicate the length where the orifices

of different L/D end. This figure shows that the flow reattaches in an orifice of L/D ≈ 0.6,

and that after a distance equivalent to an L/D ≈ 1.4, τw is almost constant, indicating that

the velocity profile is fully developed.
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Figure 5.8: Velocity profiles at the orifice outlet; at Re=5000 and different L/D

Figure 5.9: (a) Wall stress inside square-edged orifices at Re=5000. Vertical lines indicate
the distance for orifices corresponding to different L/D. (b) Static pressure along centerline
at Re=3000 for all orifices.

5.1.6 Decomposition of pressure losses

Figure 5.7 shows that the static pressure field is constant across the cross section of the orifices

at each axial location. Therefore, the analysis of the static pressure along the centerline of

the orifice is a good assessment of the pressure field in the orifices. Figure 5.9-b shows the

static pressure along the axis of the orifice for all of the L/D cases at Re=3000. These

results show that there is a large pressure drop at the inlet of the orifice and then a linear
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pressure drop that increases with distance. Such behavior may be described by

∆P =
1

2
ρv2

(
1 + kin + f

L

D

)
, (5.1)

where v is the mean velocity in the orifice, kin is the pressure loss coefficient for entrance

losses and f is the Darcy friction factor [81].

The decomposition of the pressure drop into inlet pressure drop and frictional pressure

drop allows for the calculation of kin and f . It was found that kin is almost constant

(kin ≈0.8) for all of the the orifices with L/D > 0.6, as shown in Figure 5.10-a; the L/D=0.1

case gives a larger value of kin, since there is no pressure recovery inside the orifice.

The friction factor f was calculated from the section of the longest orifice that showed

a linear pressure drop. Figure 5.10-b shows the calculated value from the Fluent results,

and the comparison with the laminar and turbulent cases. The results were fitted to the

following expression:

f = 0.24 exp(−0.4× 10−3Re). (5.2)

Figure 5.10: Calculated entrance effects. a) Inlet pressure loss coefficient b) Darcy friction
factor versus Re for L/D=10.6 orifice
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5.1.7 Prediction of CD

The expressions for kin and f were used to predict the pressure drop, ∆P , and then the

discharge coefficient CD by using Eqn. (2.5). The predicted CD for different L/D is shown in

Figure 5.11-a. The comparison with experimental results (Figure 5.11-b) proved that these

equations are a simple - yet effective- way to predict the discharge coefficient for these small

metering orifices.

Figure 5.11: (a) Contours of discharge coefficient as function of Re and L/D (b) Comparison
between derived expression and experimental results

5.2 Chamfered orifices

The geometry of the metering orifices used in small engine carburetors may be more complex

than a square-edged orifice. A typical metering orifice has inlet and outlet chamfers, and, in

some cases, it may have two reductions in area. As a second step in the analysis of the fuel

flow across the metering orifices, inlet and outlet chamfers were added to the square-edged

orifices. The added chamfers had an angle, θ, of 60◦, similar to the angle that would be

created by a commercial drill bit, and a length, Lch, equal to the diameter of the orifice (see

Figure 5.12).
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Figure 5.12: Geometry of chamfered orifices. Liquid flows from the left.

5.2.1 Characteristics of the numerical model

The characteristics of the numerical model were kept constant from the simulation of the

square-edged orifices. The Renormalization group k-ε model was used as turbulence model,

and standard wall functions were used for near-wall treatment. Second-order discretization

schemes were used for momentum and turbulence quantities. The inlet boundary condition

was set to inlet velocity, and the outlet boundary condition was set to outflow. The difference

from the square-edged case was the change in mesh elements: in order to easily map the

complex geometries of chamfered and real orifices, the mesh structure was changed from a

regular mesh to a triangular (unstructured) mesh. The comparison between the two meshes

is shown in Figure 5.13.

Figure 5.13: Square edged orifices. (a) Rectangular mesh. (b) Unstructured mesh.

The incorporation of inlet and outlet chamfers was performed in three steps: first, a

square-edged orifice with L/D of 1.0 was simulated. Second, an outlet chamfer was added

to a square-edged orifice, keeping constant the L/D of the straight section of the orifice.

Finally, an inlet chamfer was added to this orifice. The geometries of the chamfered orifices

are shown in Figure 5.14.
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Figure 5.14: Unstructured mesh for chamfered orifices. (a) Outlet chamfer. (b) Inlet and
outlet chamfers.

5.2.2 Mesh sensitivity

The use of an unstructured mesh required a different strategy for the mesh sensitivity anal-

ysis than the one used for the square-edged orifices in §5.1.3. The Richardson Extrapolation

and the grid convergence index (GCI) were used as methods for assessing the solution in-

dependence with respect to mesh size. Appendix C presents an overall description of these

methods. A mean cell size was calculated as

h =
1

N

N∑
i=1

∆Ai, (5.3)

where ∆Ai is the area of the ith cell, and N is the total number of cells. Figure 5.15 shows the

discharge coefficient of square-edged orifices, modeled with an unstructured mesh, as function

of mean cell size. The discharge coefficient for an infinitely small mesh was extrapolated with

Richardson extrapolation. It was found that the error for an intermediate mesh size with

respect to the extrapolated value was 2.4% for Re = 500 and 4.1% for Re = 5000.

The same mesh sensitivity analysis was performed for the outlet-chamfer orifices (see

Figures 5.16) and for the inlet and outlet chamfer orifices (see Figure 5.17). In all cases,

it was found that the range of mesh size used produced a mesh-independent solution. The

difference in CD between intermediate mesh sizes and an infinitely small mesh was within

2%.
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Figure 5.15: Effect of mesh size on discharge coefficient of square-edged orifices. (a) Re =
500, (b) Re = 5000

Figure 5.16: Effect of mesh size on discharge coefficient of small orifices with chamfered
outlet. (a) Re = 500, (b) Re = 5000

5.2.3 Effect of inlet and outlet chamfers on the CD

Figure 5.18 shows the relative change in discharge coefficient between chamfered- and square-

edged orifices. For this analysis, the region of smallest diameter was the same for all the

different orifices. It was found that the outlet chamfer produced a negligible change in the
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Figure 5.17: Effect of mesh size on discharge coefficient of small orifices with chamfered inlet
and outlet. (a) Re = 500, (b) Re = 5000

discharge coefficient; the difference was 4.5% at Re = 500, but decreased to less than 1%

at Re≥ 2000, and remained at these values at larger Re. In contrast, the effect of the inlet

chamfer on the discharge coefficient was significant: It was negligible at Re=500, but rapidly

increased to 3% at Re=1000 and further up to 13% at Re=5000. It resulted in an average

change in discharge coefficient of 7.5%.

Figure 5.18: Effect of inlet and outlet chamfers on the discharge coefficient of square-edged
orifices.
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5.2.4 Velocity profiles inside chamfered orifices

The difference in discharge coefficient between the square-edged and the chamfered orifices

can be explained from the velocity profiles and pressure fields inside the orifices. The velocity

profiles were studied at the outlet of the straight region of the small orifices. Figure 5.19

shows the velocity profiles at the outlet of the square-edged orifice shown in Figure 5.13-

b, with the radial direction in the vertical axis. The velocity profiles obtained with the

different mesh sizes are shown in this Figure. These results were used with the Richardson

extrapolation to derive a grid convergence index, which can be used as error bars in the

studies of velocity profiles [94].

Figure 5.19: Effect of mesh size on the velocity profile of square-edged orifices, at the outlet
of the orifice. Four different mesh sizes were tested. (a) Re = 500, (b) Re = 5000

Figure 5.20 shows the velocity profile at the outlet of a square-edged orifice at Reynolds

numbers of 500 and 5000. At Re = 500, the velocity profile is rounded during a significant

region in the radial direction and is almost flat at the center (r=0). At Re = 5000, the velocity

profile develops almost linearly from the wall and has a larger zone of flat characteristic at the

center. This velocity profile was seen in Figure 5.8 for square-edged orifices with a structured

mesh. Several features can be seen in these Figures:
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Figure 5.20: Velocity profile with error barrs calculated with Richardson extrapolation for
square-edged orifices, at the outlet of the orifice. (a) Re = 500, (b) Re = 5000

• At high Re, the velocity profile resembles a fully developed turbulent profile.

• The effect of the using standard wall functions can be seen in the first point from the

wall, in Figure 5.20. For the low Reynolds case, there is almost no difference with a

refined mesh; in all mesh sizes, the first value of the velocity follows the same trend.

This can be seen in the error bars in Figure 5.20-a at the near-wall zone.

• For the case where Re = 5000, the use of standard wall functions shows a slight

difference in the velocity of the first element near the wall. It results in a large error

bar and inflection point in the velocity profile.

The velocity profiles at the exit of the straight part of the orifice with outlet chamfer are

shown in Figure 5.21, at Re=500 and Re=5000. It was found that the velocity profiles are

very similar to the square-edged orifice.

On the other hand, the inlet chamfer produced a noticeable change in the velocity profile

at the outlet of the straight region of the orifice. Figure 5.22 shows that the velocity profile

is more rounded in the case of Re = 500, and the zone of flat velocity magnitude is also

larger for Re = 5000, when compared with the velocity profile of a square-edged orifice. This
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Figure 5.21: Velocity profile calculated with Richardson extrapolation for small orifices with
outlet chamfer, at the outlet of the orifice. (a) Re = 500, (b) Re = 5000

result indicates that the presence of an inlet chamfer helps the development of the velocity

profile inside the orifice.

An interesting result was the reduced error bars in the velocity profiles. This indicated

that the presence of the inlet chamfer was a geometry that is more aligned with the flow at

the inlet of the orifice, and it may help the convergence of the discretized flow equations.

Figure 5.22: Velocity profile calculated with Richardson extrapolation for small orifices with
inlet and outlet chamfers, at the outlet of the orifice. (a) Re = 500, (b) Re = 5000
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5.2.5 Effect of inlet and outlet chamfers on the static pressure

The effect of inlet and outlet chamfers is also reflected in the pressure field. It was found that

the pressure was constant in the radial direction of the orifices at a given axial location, as

can be seen in Figure 5.7; the region next to the inlet of the orifice was the only place where

the static pressure was slightly different than the pressure at the centerline. Therefore, the

static pressure at the center line of the orifices may be considered as a good estimate of the

behavior of the pressure field.

Figure 5.23: Static pressure along axis line of a square-edged orifice, for Reynolds from 500
to 5000. The gray vertical lines indicate the inlet and outlet of the orifice.

Figure 5.23 shows the static pressure along the centerline of a square-edged orifice with

L/D = 1.0 for Reynolds numbers from 500 to 5000, calculated with the unstructured mesh.

The behavior is the same as the one found in the results of square-edged orifices with a

structured mesh (Figure 5.9-b): there is a significant pressure drop at the inlet of the orifice,

and the pressure recovers as the velocity profile develops inside it.

The transition with increasing Reynolds number can be better seen in Figure 5.24. At

Re = 500 the static pressure decreases monotonically and reaches a minimum before it

reaches the outlet of the orifice. At Re = 5000, the static pressure decreases until it reaches
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a minimum inside the orifice, but then it shows a pressure recovery inside the orifice. This

can be explained as the higher flow rate produces a separation at the orifice inlet, and then

the flow recovers as the velocity attaches to the wall. In these Figures, the different mesh

sizes are shown as different lines.

Figure 5.24: Static pressure along axis line of a square-edged orifice, for different mesh
sizes. (a) Re = 500, (b) Re = 5000. The gray vertical lines indicate the inlet and outlet of
the orifice.

The analysis of the orifice with an outlet chamfer showed that at low Reynolds number

(Re = 500), there is a pressure recovery at the outlet chamfer (see Figure 5.25-a). This

is because the flow has inertial forces that are comparable to viscous forces; therefore, the

viscous forces are strong enough to make the flow follow the walls of the diverging exit. At

higher velocity, i.e., Re = 5000, there is no pressure recovery at the outlet chamfer (see Figure

5.25-b), as the inertia of the fluid is much higher than the viscous forces. This behavior is

very similar to a square-edged orifice. This pressure recovery behavior explains the negligible

change in discharge coefficient for an orifice with chamfered outlet, shown in Figure 5.18.

The effect of inlet chamfer on the static pressure is shown in Figure 5.27. It was found

that the pressure behavior at the inlet of the orifice is very similar among the square-edged

orifices and the inlet-chamfered orifices: the reduction in static pressure begins at similar
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Figure 5.25: Static pressure along axis line of a square-edged orifice with outlet cham-
fer, for different mesh sizes. (a) Re = 500, (b) Re = 5000. The gray vertical lines indicate
the inlet and outlet of the orifice. The dashed vertical line indicates the outlet chamfer.

locations as the flow is forced to contract in order to pass through the orifice. However, the

behavior is different inside the orifice: in the inlet-chamfer case, there is not a significant

pressure loss at the inlet of the straight section of the orifice. The inlet chamfer enables a

smoother development of the velocity profile inside the orifice. This final result explains the

difference in the discharge coefficient as shown in Figure 5.18.
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Figure 5.26: Static pressure along axis line of a square-edged orifice with inlet and
outlet chamfers, for Re from 500 to 5000. The gray vertical lines indicate the inlet and
outlet of the orifice. The dashed vertical lines indicate the inlet and outlet chamfers.

Figure 5.27: Static pressure along axis line of a square-edged orifice with outlet chamfer, for
different mesh sizes. (a) Re = 500, (b) Re = 5000. The gray vertical lines indicate the inlet
and outlet of the orifice. The dashed vertical lines indicate the inlet and outlet chamfers.
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5.2.6 Prediction of CD

Following the procedure described in § 5.1.6, the static pressure along the centerline of the

orifices was used to determine the inlet- and friction pressure losses, for orifices with L/D

from 0.1 to 2.0. Figure 5.28-a shows that the pressure loss coefficient, kin, is constant for

the shortest orifice (L/D=0.1); however, its value for orifices with L/D ≥ 0.5 decreases with

Re. The friction factor, f , was calculated from the linear pressure drop inside the orifice.

As shown in Figure 5.28-b, f shows the same trend as seen in the square-edged orifices,

starting from a laminar solution at low Re and converging into a turbulent solution at high

Re. Curve fits were obtained for kin and f , as:

kin = 4.28Re−1/3, (5.4)

f = 6.36Re−1/2. (5.5)

Figure 5.28: Decomposition of pressure losses in chamfered orifices. (a) Inlet pressure loss
coefficient, kin, as function of Re. (b) Darcy friction factor, f , as function of Re.

Finally, the expressions for kin and f were used to calculate the pressure drop, ∆P , and,

therefore, the discharge coefficient. The calculated CD from the Fluent results is shown in

Figure 5.29-a, and the comparison with the results from the derived expressions is shown in
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Figure 5.29-b. The expression is general enough to represent the discharge coefficient of the

orifices with L/D ≥ 0.50, when the velocity profile has attached to the wall.

Figure 5.29: Discharge coefficient calculated from Fluent results. (a) Discharge coefficient
as function of Re. (b) Comparison between direct Fluent results and empirical correlation.

5.3 Orifices used in real carburetors

As shown in Figure 2.12, the orifices used in real carburetors may have a very complex

geometry. As the last part of the analysis of the fuel flow inside small orifices, the CFD

simulations were extended to study of the fuel flow inside two families of small orifices

manufactured by the carburetor companies Nikki and Keihin, which are used by Kohler

engines. Figure 5.30 shows the inlet and outlet details of Nikki orifices with a scale in

millimeters. The dimensions of the principal geometrical elements of these families of orifices

are shown Figure 5.31, for orifices with small diameter from 0.99 mm to 1.78 mm.

The geometry of the two families of orifices are very different: the Nikki orifices are very

short, with an L/D of around 1.0; the inlet has an intermediate step, and the inlet and outlet

chamfers have different angles. On the other hand, the Keihin orifices are very long, with
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Figure 5.30: Geometry of chamfered orifices. (a) Outlet view, with radical scale where the
screw-driver slot can be seen. (b) Outlet cone. (c) Inlet cone

L/D from 3 to 5; they also have an intermediate step at the inlet, as well as inlet and outlet

chamfers of same angle. Figure 5.32 shows the details of the unstructured mesh generated

in order to represent the geometry of the real orifices.

In order to compare the numerical results with real performance of these orifices, an

experimental setup was built as shown in Figure 5.33. It comprised of a fuel pump that

forced the test liquid to move from a reservoir through the small metering orifice. The pipes

located upstream and downstream of the orifice had a diameter of 2.5 cm and lengths of 50

cm. The required measurements were the volumetric flow rate and the pressure difference

across the orifice. The fluid used in the experiments was Stoddard solvent (mineral spirits),

with a density of 769 kg/m3 and viscosity 0.65× 10−3 kg/m-s.
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Figure 5.31: Dimensions of chamfered orifices used in Kohler carburetors. (a) Nikki, (b)
Keihin

Figure 5.32: Detail of mesh used to model real orifices. (a) Nikki, (b) Keihin. The orifice
has a diameter of 1 mm, and the flow is intended to come from the left side.

5.3.1 Keihin small orifices

The flow across the Keihin orifices with diameter of 1.15 mm and 1.32 mm was measured for a

range of volumetric flow rates. Figure 5.34 shows the comparison of the discharge coefficient
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Figure 5.33: Experimental setup to measure the discharge coefficient of small metering
orifices.

between the experimental results and the simulations from Fluent. Good agreement was

found, as the trends were captured and the magnitudes were within 10%.

Figure 5.34: Comparison of experimental and Fluent-calculated discharge coefficient of Kei-
hin orifices. (a) D = 1.15 mm. (b) D = 1.32 mm. The solid bullets are Fluent results, and
open bullets are experimental results.

The results from the CFD simulations were then used to study the flow inside the orifices.

When the static pressure along the centerline was studied, it was found that these orifices

behaved like fully developed orifices. They showed an inlet pressure loss after the inlet
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chamfer and a linear pressure loss along a significant length of the straight section of the

orifice. There was a little pressure recovery at the outlet of the orifice, but it was almost

negligible when compared with the inlet and frictional pressure losses.

Figure 5.35: Static pressure along axis line of Keihin orifice, with D = 0.99 mm. (a) Re =
500, (b) Re = 5000. The gray vertical lines indicate the inlet and outlet of the orifice. The
dashed vertical lines indicate the inlet and outlet chamfers.

Following the previous methodology, the frictional pressure losses were subtracted from

the total pressure loss, using the correlation for the Darcy friction factor developed in the

previous section (Eqn. (5.5)). The inlet pressure loss coefficient was then calculated from

the resulting pressure difference. Figure 5.36-a shows the inlet pressure loss coefficient for

Keihin orifices. It was fitted with a power function,

kin = 55.4Re−4/5. (5.6)

Figure 5.36-b shows the comparison of the use of this correlation with the results from Fluent.
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Figure 5.36: (a) Pressure loss coefficient of Keihin orifices. (b) Comparison of discharge
coefficient calculated from Fluent results and developed correlation.

5.3.2 Nikki small orifices

Simulations were also run in order to simulate the fuel flow in Nikki orifices, with diameters

of 0.99, 1.22, 1.15 and 1.48 mm. Figure 5.37 shows the comparison between the results

in Fluent and the experimental discharge coefficient. In all of the cases the trends were

captured, and the magnitudes of the discharge coefficient were within an average of 15%.

Two examples of the static pressure along the centerline of the Nikki orifices are shown in

Figure 5.38. The behavior is very similar to the one described in § 5.2.5. The pressure drop

inside the intermediate inlet step is very small. At the inlet chamfer there is a noticeable

the pressure drop, which indicates that it is the minimum cross sectional area the principal

geometric factor affecting the flow. The minimum static pressure occurs inside the orifice.

Finally, there is a small pressure recovery at the outlet. The static pressure is constant in the

outlet chamfer, indicating the small effect of this geometrical feature. The pressure recovery

is slightly seen in the low Reynolds case, but it is almost negligible at higher Re.
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Figure 5.37: Comparison of experimental and Fluent-calculated discharge coefficient of Nikki
orifices. (a) D = 0.99 mm. (b) D = 1.15 mm. (c) D = 1.22 mm. (d) D = 1.48 mm. The
solid bullets are Fluent results, and open bullets are experimental results.

The static pressure along the centerline was used to decompose the pressure losses into

inlet and friction losses. Figure 5.39-a shows the calculated inlet pressure loss coefficient,

and Figure 5.39-b shows the comparison with Fluent results.
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Figure 5.38: Static pressure along axis line of Nikki orifice, with D = 0.99 mm. (a) Re =
500, (b) Re = 5000. The gray vertical lines indicate the inlet and outlet of the orifice. The
dashed vertical lines indicate the inlet and outlet chamfers.

Figure 5.39: (a) Pressure loss coefficient of Nikki orifices. (b) Comparison of discharge
coefficient calculated from Fluent results and developed correlation.
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5.4 Discussion

A computational model of fuel flow across small orifices was developed in Fluent. It used an

axi-symmetric 2D geometry, incompressible steady flow, and the k-ε turbulence model.

The results for the square-edged orifices were within 5% agreement with experimental

results. The shortest orifice gave an agreement with experiments within 1%, indicating

the right match between the physics modeled and the experiments. Larger orifices gave an

average agreement within 4.6%.

The information obtained from the velocity and pressure fields were used to derive ex-

pressions for the prediction of the discharge coefficient, based on the decomposition of the

pressure drop into entrance and friction losses. This methodology was applied to square-

edged, chamfered orifices and real orifices.

The extension of the models in order to include the effect of inlet and outlet cham-

fers showed that the outlet chamfer does not create a significant change in the discharge

coefficient.

The inlet chamfer resulted in a different behavior at the inlet of the straight zone of the

orifice, as it favored the attachment of the velocity profile to the wall and allowed for an

earlier development of the velocity profile.

The comparison with the Fluent results showed that the derived equations are a simple,

yet effective, way to characterize the discharge coefficient.
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Chapter 6

CFD Analysis of compressible flow

across carburetor venturi

This chapter presents the development of CFD studies of compressible airflow across a carbu-

retor venturi. First, a two-dimensional axi-symmetric geometry was used to study a smooth

venturi. It was found that the accelerating flow in the venturi throat resulted in a pressure

distribution that is a function of the radial location. Second, a three-dimensional geometry

was used to see the effect of different carburetor parts, such as inlet obstacles, the fuel tube

and the throttle plate on the discharge coefficient. The information obtained from the CFD

simulations will allow for a better implementation of the boundary condition at the tip of

the fuel tube in the carburetor flow network.

6.1 General characteristics of the numerical studies

The equations used to represent the flow across a carburetor venturi are based on isentropic

compressible flow relations. The deviation from this ideal flow is corrected with a discharge

coefficient. This discharge coefficient is influenced by many factors, including geometry,

mass flow rate and fluid properties [4]. A real carburetor venturi has details in its geometry

that create disturbances in the flow, and may cause pressure losses that cause deviations

from an ideal isentropic flow. Examples of these carburetor parts are the choke plate, the

throttle plate, the fuel tube, side passages to secondary systems and, sometimes, an addi-
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tional concentric fuel tube in the venturi throat. Some details of typical carburetors used in

small engines are shown in Figure 6.1. The pressure losses created by these elements reduce

the mass flow rate that could be driven through the venturi for a given pressure difference

between the inlet of the venturi and the intake manifold.

Figure 6.1: Details of carburetor parts inside the venturi: (a) Cross-sectional view of the
venturi. (b) View into the inlet of the carburetor; the choke plate is visible in the foreground

In the present study, the inlet obstacles, the fuel tube and the throttle plate were modeled

with Fluent, in order to gain a better understanding of the characteristics of the flow, and

how it is affected by these parts. Figure 6.2 shows the carburetor venturi model with the

additional parts.

Figure 6.2: Wire-frame of carburetor parts implemented in Fluent
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Figure 6.3: General description of the steps taken for studying the effects of carburetor
venturi parts on airflow.

The effect of the different parts on the carburetor venturi was studied following the steps

shown in Figure 6.3:

• The desired details of the geometry and the flow conditions were used as inputs for

a program written in C. This program created two scripts: one script was used to

generate the geometry in Gambit and the other one contained the instructions to run

Fluent through Condor.
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• Gambit was used to create the geometry specified in the script. Figure 6.2 shows a wire-

mesh of the obstacles that could be included in the carburetor venturi: inlet rounded

step, inlet obstacles, fuel tube and throttle plate (including shaft and screw). Gambit

also created the unstructured mesh and defined the zones used to set the boundary

conditions.

• Condor was used to run the different geometry and flow cases. Condor is a computer

program that manages the distribution of computational-intensive jobs in computer

networks [95]. The second script created by the C program contained the instructions

to be used in Fluent, such as numerical models, turbulence models, boundary conditions

and convergence criteria. Condor was responsible for calling Fluent, and for delivering

the instructions given in the instruction script.

• Finally, the solutions obtained in Fluent were analyzed with the postprocessing tools

in Fluent and EES.

It was found that the convergence of these cases in Fluent was highly dependent on initial

values. In order to reach a stable solution, the following steps were required in Fluent:

1. Load the geometry.

2. Select the inviscid model.

3. Set the boundary conditions: inlet static pressure and outlet static pressure.

4. Iterate.

5. Select the turbulence model.

6. Update the boundary conditions with turbulence intensities.

7. Iterate.



131

8. Select a compressible equation of state for air: Ideal gas.

9. Activate the calculation of the energy balance equation.

10. Update boundary conditions: inlet total pressure and temperature, and outlet static

pressure.

11. Patch temperature field.

12. Update the convergence criteria to 10−6 for the residuals of the energy equation and

10−4 for the other conserved variables.

13. Iterate until the convergence criteria are met.

14. Update the discretization schemes to second order accurate in space.

15. Iterate until the convergence criteria are met.

6.2 Two-dimensional axi-symmetric studies

Fluent was used to model the steady-state compressible airflow through a typical venturi

of same dimensions as one used in carburetors for small engines. This venturi had an inlet

diameter of 38 mm, throat diameter of 24.5 mm, exit diameter of 30 mm and divergent exit

cone angle of 14◦, as shown in Figure 6.4.

Figure 6.4: Clear venturi. (a) Dimensions (in mm), (b) Axi-symmetric unstructured mesh.
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6.2.1 Characteristics of the numerical model

A 2-D axi-symmetric model was used to simulate the venturi without obstacles. These

studies were used to find the appropriate turbulence model to perform all of the cases.

In order to easily map the geometry of the converging-diverging nozzle, an unstructured

mesh was used. The use of an unstructured mesh required a second-order discretization

scheme in order to avoid numerical diffusion. The convergence criteria was set to 10−6 for

the residual of the energy equation, and 10−4 for the other conserved quantities.

Four turbulent models for Reynolds-averaged Navier-Stokes equations were compared:

Standard k-ε, Realizable k-ε, Renormalization Group (RNG) k-ε and Reynolds Stress model

[93]. Standard wall functions were used for the near-wall treatment. The average inlet

velocity was ≈20 m/s (Reynolds number based on the venturi throat =8× 104). The results

showed that, in general, the pressure and velocity fields predicted by the different turbulent

models were very similar.

Figure 6.5: Comparison between turbulent models. a) Turbulent kinetic energy. b) Turbulent
viscosity ratio



133

The value of CD was approximately 0.91 for all of the turbulence models, with the

Standard k-ε giving a difference on the order of 10% with respect to the other turbulence

models. Figure 6.5 shows the differences in turbulent kinetic energy and turbulent viscosity

ratio, where it can be noted that the Standard k-ε model predicted higher dissipation of

turbulent kinetic energy, which explained the lower discharge coefficient. This figure also

shows that the RNG k-ε model gave similar results to the RSM model, requiring fewer

iterations and computer resources. Based on these results, the RNG k-ε model was used in

all of the following cases.

6.2.2 Mesh sensitivity

The convergence of the solution with respect to mesh size was assessed by running the

simulations with three meshes of different sizes. Figure 6.6 shows the mass flow rate for

three mean mesh sizes, and two levels of outlet static pressure. The result for an infinitely

small mesh was calculated using the Richardson Extrapolation (see Appendix C). It was

found that the results with an intermediate mesh size were within a 5% agreement with an

infinitely small mesh.

Figure 6.6: Convergence of mass flow rate with respect to mesh size.
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The mass flow rate was calculated for a range of gauge outlet pressure from -50 Pa to

-1000 Pa. Figure 6.7-a shows that the mass flow rate increases with lower pressure at the

outlet, and that the solution is independent of the mesh size. Figure 6.7-b shows the mass

flow rate of the fine mesh with error bars calculated using the difference with an infinitely

small mesh.

Figure 6.7: Mass flow rate in the venturi. (a) Results from three different mesh sizes. (b)
Result with finest mesh, and error bars calculated as the difference with an infinitely small
mesh.

6.2.3 Comparison with experimental results

An experimental setup was built in order to verify the results from the simulations. This

experimental setup is shown in Figure 6.8. A low pressure zone was created downstream

of the carburetor venturi by a flow-amplifier; this low pressure region drove air into the

system, forcing it to flow across the venturi. The air velocity was measured with a hot film

anemometer at the inlet of the venturi. The static pressure was measured at the inlet and

at the outlet of the carburetor with an electronic differential pressure transducer.
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Figure 6.8: Experimental setup for the study of carburetor venturi

Figure 6.9 shows the comparison between the experimental and Fluent-calculated dis-

charge coefficient, over a range of airflow rates. It was found that the Fluent results were

within 10% of the experimental values. The final trend was captured, but the increase at

low mass flow rate was not captured. This might be due to the measurement of the velocity

at a single point and using it as the average velocity for calculating the total mass flow rate.

Figure 6.9: Comparison of experimental and Fluent-calculated discharge coefficient of a clear
venturi.



136

6.2.4 Results of axi-symmetric model

Figure 6.10 shows an example of the static pressure and velocity fields obtained with the

simulation of the flow inside the clear venturi model used in the experiments . This figure

indicates that the two-dimensional simulation is able to capture effects that a one-dimensional

solution can not capture: the change in momentum at the inlet of the venturi experienced

by the fluid produces a lower static pressure at the walls of the throat than at the centerline.

Figure 6.10: Static pressure and air velocity fields in venturi, using an axi-symmetric geom-
etry.

The behavior of the static pressure along the centerline of the venturi is shown in Fig-

ure 6.11. It shows the static pressure for different outlet boundary conditions: -50 to -1000

Pa. It follows the classical behavior of a compressible nozzle described in compressible flow

textbooks (e.g., Anderson [96]). The static pressure is almost constant at the inlet and outlet

of the venturi, showing a slight decrease at the outlet due to frictional losses in the straight-

pipe section. In all of the cases the pressure decreases at the inlet of the converging section

and reaches a minimum at the throat. As the inlet boundary condition was set to isentropic

stagnation conditions, the different flow rates achieved by changing the outlet static pressure

resulted in different inlet static pressures, as can be seen on the plot.

Figure 6.12-a shows the static pressure along the centerline of the venturi, as function of

three mesh sizes. Figure 6.12-b shows the static pressure with the smallest mesh and error

bars calculated as the difference with an infinitely small mesh.
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Figure 6.11: Static pressure along the venturi centerline.

Figure 6.12: Mesh sensitivity of static pressure along centerline of venturi. (a) Results from
three different mesh sizes. (b) Results from the smallest mesh with error bars.

The static pressure in the cross section of the venturi throat is shown in Figure 6.13 for

the case with an outlet gauge pressure of -1000 Pa. In this figure, the vertical axis is the

radial position, where zero is the center of the venturi and 12 mm is the venturi wall. It can

be seen that the difference in pressure between the centerline and the wall is ≈1000 Pa, the

same value as the total pressure difference across the venturi.



138

Figure 6.13: Static pressure across venturi throat. (a) Results from three different mesh
sizes. (b) Results from fine mesh with error bars.

6.3 Three-dimensional studies - effect of carburetor

venturi parts

The purpose of the second series of the CFD studies was to determine the effect of carburetor

parts on the flow across the carburetor venturi, specifically, it was important to understand

their effect on the discharge coefficient and on the static pressure at the tip of the fuel tube.

The incorporation of the carburetor venturi parts required the use of a three-dimensional

instead of the two-dimensional geometry.

6.3.1 General characteristics of the numerical model

A three-dimensional model of a carburetor venturi was generated in Gambit and used in

Fluent to study the effect of different venturi parts on the flow field. The geometry was

discretized with an unstructured tetrahedral mesh, with a refined mesh near the venturi

throat. The RNG k-ε turbulence model was used, with standard wall functions for near-wall

treatment.
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The inlet boundary condition was defined with the isentropic stagnation pressure and

temperature, and the outlet boundary condition was defined with the outlet static pressure.

6.3.2 Comparison with experimental results

Carburetors are typically tested on steady state flow benches, and the experimental discharge

coefficient is found as a function of the throttle plate angle. This discharge coefficient is then

used in one-dimensional gas dynamics simulations. On the steady state flow bench, the inlet

of the carburetor is open to the laboratory conditions and the outlet is connected to a low

pressure plenum, created by the low pressure side of a blower. Once the throttle plate is set

to a known position, the pressure in the outlet plenum is adjusted until a recommended static

vacuum pressure is achieved. The volumetric airflow rate at these conditions is recorded.

Figure 6.14 shows the measured discharge coefficient of a Briggs & Stratton carburetor as

function of throttle plate angle.

For the comparison with experimental results, the Briggs & Stratton carburetor venturi

was modeled in Fluent. The carburetor venturi had an inlet diameter of 25 mm, a throat

diameter of 12 mm and exit diameter of 20 mm. This venturi had inlet obstacles, a fuel tube

and a throttle plate. The inlet boundary conditions in Fluent were set to the laboratory

conditions (T0 = 293 K and P0 = 1 atm) and the outlet boundary condition to the outlet

pressure in the low pressure plenum in the flow bench (Pout = 94.5 KPa, or a static pressure

difference of -28 inH2O). Four throttle plate angles were simulated: 90◦ (wide open throt-

tle), 75◦, 60◦ and 45◦. Figure 6.14 compares the discharge coefficient calculated from the

simulations with the experimental results. It was found that the Fluent-calculated discharge

coefficient was within 10% of the experimental value and followed exactly the trends of the

experimental results. The smaller values predicted by Fluent indicated that the numerical

model over-predicted the pressure losses.
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Figure 6.14: Comparison of discharge coefficient for a Briggs & Stratton carburetor as func-
tion of throttle plate angle.

The good agreement with experimental results over the range of throttle plate angle

indicates that the characteristics of the simulations are appropriate to capture the flow

conditions in the carburetor venturi with all of the inner parts. This was an encouraging

result, as the range of throttle plate angles created complex details in the geometry, such as

small passages as it is in a more closed position. The CFD results were then used to assess

the details of the flow, the values of the discharge coefficients and localized values of the flow

variables, specifically, the static pressure at the tip of the fuel tube.

The following sections present a systematic study of the effect of different carburetor

parts. First, the Briggs & Stratton carburetor venturi was modeled without obstacles. Sec-

ond, the inlet obstacles were added, and then the fuel tube was added to the geometry.

Third, the throttle plate was added to the fuel tube and inlet obstacles. Finally, the effect

of throttle plate angle was studied.
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6.3.3 Carburetor venturi without obstacles

Figures 6.15-a and -b show the static pressure and Mach number for the compressible airflow

across the carburetor venturi, without obstacles in the flow. This figure shows a very similar

flow field to the one found in the axi-symmetric model: the static pressure is almost constant

in the radial direction, with the exception at the venturi throat, where the static pressure

changes next to the wall. The velocity increases at the converging nozzle and then separates

from the wall at the diffuser, in the region of adverse pressure gradient. The velocity field

resembles a free jet entering a constant pressure reservoir, although in this case the jet

interacts with the surrounding wall.

Figure 6.15: Steady air flow across carburetor venturi without obstacles. (a) Static pres-
sure [Pa] (b) Mach number (c) Turbulent kinetic energy [m2/s2] (d) Gauge total pressure
[Pa]



142

The turbulent kinetic energy is shown in Figure 6.15-c. It shows that the regions of high

turbulence are those next to the walls of the diffuser, and they extend downstream of the

carburetor venturi. This result is similar to the turbulence intensity in a free jet, where

the highest turbulence region is in the velocity transition from the high velocity zone to the

quiescent air. The final effect is the reduction of isentropic stagnation pressure at the outlet

of the venturi, shown in 6.15-b. This result indicates that in a venturi without inlet obstacles

the converging nozzle does not cause noticeable losses; it is the the separation at the diffuser

and the turbulence at the free shear zone at the jet the causes for the pressure losses.

6.3.4 Effect of inlet obstacles

It was found that the presence of the inlet obstacles did not create a noticeable effect on the

flow field, as shown in Figure 6.17. As these obstacles are located in the converging zone of

the venturi, the favorable pressure gradient keeps the velocity profile attached to the walls.

The inlet obstacles affect the convergent flow, but they do not cause any wake or free shear

region. In the same manner as in the venturi without obstacles, the high turbulence zones

and pressure losses are located in the separation regions of the diffuser, at the free shear

region created by the jet.

6.3.5 Effect of fuel tube

The presence of the fuel tube resulted in a strong change in the flow field in the carburetor

venturi. Figure 6.17 shows the effect of a fuel tube with length equal to 3 mm and diameter

equal to 3 mm. The length was equivalent to 1/4 of the throat diameter. The presence of

the fuel tube produced a reduced cross-sectional throat area and a large wake zone behind

it. This wake changes completely the nature of the pressure losses and effective area for the

flow downstream of the venturi throat.
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Figure 6.16: Steady air flow across carburetor venturi with inlet obstacles. (a) Static pressure
[Pa], (b) Mach number, (c) Turbulent kinetic energy [m2/s2], (d) Gauge total pressure [Pa].

The static pressure shows a similar behavior to the previous cases: constant pressure in

the cross-section everywhere but in the venturi throat. At this location, there is a different

static pressure in the radial direction. In addition, the sharp leading edge of the fuel tube

creates a separation region, which results in a lower pressure at the tip of the fuel tube.

Downstream of the fuel tube, the static pressure is almost constant in the radial and axial

directions.

The velocity field shows the wake region created by the fuel tube. The final effect of the

fuel tube on the airflow is to reduce the effective area used by the flow behind the venturi.

The size of the wake region is increased with the size of the fuel tube. The wake region

increased when the fuel tube was modeled with a length of 1/2 of the throat diameter. This
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Figure 6.17: Steady air flow across carburetor venturi with inlet obstacles and fuel tube. (a)
Static pressure [Pa], (b) Mach number, (c) Turbulent kinetic energy [m2/s2], (d) Gauge total
pressure [Pa].

wake zone may be responsible for fuel puddling after the carburetor: once a fuel droplet is

captured in this region, there is no momentum to drive it downstream of the carburetor.

The turbulence kinetic energy field indicates that the nature of the pressure losses are

quite different when the fuel tube is present in the carburetor. The wake zone is the zone

of highest turbulence intensity; the turbulence intensity next to the walls of the diffuser is

almost negligible in comparison. The effect of turbulence is seen in the total pressure: the

wake zone is also the region where the isentropic stagnation pressure is reduced significantly.

As the analysis was performed with the same pressure difference for all of the venturi

geometries, the effect of the fuel tube is a reduced mass flow rate of air. If the analysis
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were performed at constant flow rate, the mass conservation in the reduced area would have

produced a higher velocity and lower static pressure.

These images allow for a better understanding of the complex interaction between the

fuel tube and the air flow: in the current carburetor designs, a fuel tube extending into the

venturi throat, beyond the throat wall, is necessary. It brings the fuel flow near the centerline

of the venturi, which is intended to help generate an even distribution of the droplets in the

flow field. A fuel tube that does not extend beyond the wall would not prevent the fuel flow

from staying next to the wall. But the fuel tube itself also completely disturbs the airflow,

increasing the pressure losses and, therefore, decreasing the mass flow rate at a given pressure

drop.

6.3.6 Effect of throttle plate at wide open angle

Besides the intake valves, the throttle plate is the largest restriction to the airflow in the

intake manifold. The carburetor venturi was simulated with the inlet obstacles, fuel tube

and throttle plate. The throttle plate was modeled as similarly as possible to the physical

model; it was composed of the axis rod, the plate and the screw.

Figure 6.18 shows that the throttle plate angle causes a large effect on the flow field,

increasing the wake zone and also producing asymmetric features in the flow.

The static pressure field does not change significantly from the previous cases; additional

stagnation points are created by the leading edge of the throttle plate, shaft and screw.

However, the velocity field is greatly influenced by the throttle plate: the high speed stream

created by the fuel tube now encounters a large obstacle just downstream. The wakes created

by the fuel tube and the throttle plate, axis and screw interact between them, producing a

vortex shedding seen in both planes of the figure. These wake regions increase the potential

for fuel puddling.
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In addition, the flow field shows that, even at wide open conditions, the screw creates an

asymmetry in the flow. The highest velocity on the right side of the throttle plate (seen on

the top view) shows that that side of the flow would get a higher air flow, and, it may be

inferred, more fuel droplets.

The turbulent kinetic energy indicates that the throttle plate, shaft and screw are respon-

sible for the largest turbulence in the flow. This turbulence produces a reduced isentropic

stagnation pressure.

Figure 6.18: Steady air flow across carburetor venturi with fuel tube, inlet obstacles and
throttle plate at 90◦. (a) Static pressure [Pa], (b) Mach number, (c) Turbulent kinetic
energy [m2/s2], (d) Gauge total pressure [Pa].



147

6.3.7 Effect of throttle plate at different angles

The effect of throttle plate angle on the flow field in the carburetor venturi is a strong

function of the angle at which it operates. As the throttle plate closes, the mass flow rate is

reduced for the given pressure difference across the entire carburetor. Figures 6.19 and 6.20

show the throttle plate at 75◦ and 60◦, respectively. In these two cases there are increased

pressure losses and increased asymmetry in the flow. A conclusion from this asymmetry

would be an increased tendency for droplets to impact the throttle plate and one side of the

intake manifold.

Figure 6.19: Steady air flow across carburetor venturi with fuel tube, inlet obstacles and
throttle plate at 75◦. (a) Static pressure [Pa], (b) Mach number, (c) Turbulent kinetic
energy [m2/s2], (d) Gauge total pressure [Pa].
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When the throttle plate angle is further closed to 45◦, the flow is different from the

previous cases. The mass flow rate has decreased significantly, and the flow fields resembled

those in an orifice: the static pressure is constant everywhere upstream of the throttle

plate (even at the venturi throat), it decreases suddenly next to the reduced area created

by the plate, and then is constant downstream of the plate. The velocity field shows the

same characteristics of an orifice: small magnitude everywhere but in the region next to the

reduced area.

Figure 6.20: Steady air flow across carburetor venturi with fuel tube, inlet obstacles and
throttle plate at 60◦. (a) Static pressure [Pa], (b) Mach number, (c) Turbulent kinetic
energy [m2/s2], (d) Gauge total pressure [Pa].

This is a case where it is very likely that the main fuel system of the carburetor is not

active, as the airflow can not create a low enough pressure in the venturi throat. Under these
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conditions, the idle system could be activated. An interesting feature of these plots is that

the asymmetry of the flow would make it different if the idle ports are located in one side

of the carburetor or the other. Again, this asymmetry could be a large player in the uneven

fuel distribution in the intake manifold.

Figure 6.21: Steady air flow across carburetor venturi with fuel tube, inlet obstacles and
throttle plate at 45◦. (a) Static pressure [Pa], (b) Mach number, (c) Turbulent kinetic
energy [m2/s2], (d) Gauge total pressure [Pa].



150

6.4 Discussion

In addition to the qualitative analysis of the flow fields in the different carburetor venturi con-

figurations, a quantitative comparison was performed by calculating the discharge coefficient

from

ṁa = CDAΦ
√

2ρa0(P0 − P ), (6.1)

Φ =

 [γ/(γ − 1)]
[
(P0/P )2/γ − (P0/P )(γ+1)/γ

]
1− P0/P

1/2

. (6.2)

These equations may be regarded as a one-dimensional model of the steady-state com-

pressible flow across a variable-area duct. In an ideal isentropic flow, for a given mass flow

rate and inlet conditions, T0 and P0, the information about the local area, A, is enough to

solve for the local static pressure. This is the classical behavior of an isentropic converging-

diverging nozzle, shown in Figure 6.22-a as dotted lines; the total pressure remains constant

and the static pressure depends on the local velocity. As the venturi studied has an outlet

of different diameter than the inlet, the static pressures are different. The real flow in this

venturi is shown as solid lines: friction losses reduce the total pressure as well as the static

pressure.

When the different obstacles are considered in the flow, the one-dimensional model may

seem too simplistic for all the information seen with the CFD analysis. Figure 6.22-b shows

a one-dimensional representation the total and static pressure behavior in the carburetor

venturi with inlet obstacles, fuel tube and throttle plate. The total pressure shows a larger

decrease after the fuel tube and throttle plate, and it shows a segregation of the flow. Finally,

the flow re-converges to a one-dimensional model. The same trends are seen in the static

pressure.

The result of this analysis is that the overall discharge coefficient calculated across the

inlet and the outlet mass flow rate may be used to correct for the actual mass flow rate
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for a given pressure drop. But inside the complex flow near the fuel tube and throttle, a

localized discharge coefficient, CD(−→x ), can be found from three-dimensional simulations to

have information about the static pressure at a particular location.

Figure 6.22: One-dimensional model of carburetor venturi. (a) Clear venturi. (b) Carburetor
venturi

Table 6.1 shows a summary of the different geometries used to study the effect of car-

buretor parts on the air flow across the carburetor venturi. The table presents the Fluent

results in terms of mass flow rate, ṁ, the overall discharge coefficient, CD, and the discharge

coefficient calculated at the fuel tube, CD,ft.

The results of the overall discharge coefficient are plotted in Figure 6.23. The results

when there is no fuel tube (fuel tube length equal to zero) show that the inlet obstacles

reduce the discharge coefficient in a small quantity. The throttle plate, when it is wide open,

is responsible for a larger decrease in discharge coefficient. But the largest effect on the

discharge coefficient is created by the fuel tube: when the fuel tube is 3 mm long, all of the

different geometries produce the same value of overall discharge coefficient. Furthermore,

when the fuel tube length is doubled, the discharge coefficient is further reduced but it shows

the same value among the different geometries.
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Table 6.1: Effect of carburetor parts on the discharge coefficient
Case fuel tube inlet obstacle throttle plate ṁ CD CD,ft

[mm] [kg/s]

1 - - - 0.0222 0.630 1.14
2 3 (1/4Dthroat) - - 0.0177 0.503 1.03
3 6 (1/2Dthroat) - - 0.0169 0.481 1.02
4 - X - 0.0217 0.617 1.08
5 3 (1/4Dthroat) X - 0.0177 0.503 1.05
6 6 (1/2Dthroat) X - 0.0164 0.468 1.03
7 - - X(90◦) 0.0200 0.569 1.09
8 3 (1/4Dthroat) - X(90◦) 0.0179 0.509 0.99
9 6 (1/2Dthroat) - X(90◦) 0.0167 0.474 1.06
10 - X X(90◦) 0.0192 0.547 1.09
11 3 (1/4Dthroat) X X(90◦) 0.0178 0.505 1.00
12 6 (1/2Dthroat) X X(90◦) 0.0166 0.473 1.00
13 3 (1/4Dthroat) X X(75◦) 0.0163 0.463 0.98
14 3 (1/4Dthroat) X X(60◦) 0.0119 0.339 0.97
15 6 (1/2Dthroat) X X(45◦) 0.0066 0.189 0.96

This quantitative assessment of the discharge coefficient is in agreement with the qualita-

tive description of the flow inside the carburetor venturi. The pressure losses in the venturi

without obstacles are due to the free shear generated at the jet leaving the venturi throat.

The presence of the intake obstacles create a very small effect on the discharge coefficient,

as it affects the flow in the region of favorable pressure gradient. The fuel tube and throt-

tle plate are the most important parameters affecting the flow: the wake created by these

elements is responsible for the generated turbulence and the corresponding pressure losses.

In addition to getting the information about the discharge coefficient to correct the mass

flow rate across the carburetor venturi given a pressure drop, it is possible to calculate a

local discharge coefficient that may be used to get information in a particular location in the

carburetor venturi. It is of great interest to use the information from these CFD simulations

to set an accurate boundary condition to the tip of the fuel tube in the flow network. The

discharge coefficient at the tip of the fuel tube, CD,ft was calculated using the average static
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Figure 6.23: Effect of carburetor parts on the discharge coefficient of the carburetor venturi.

pressure at the tip of the fuel tube and the mass flow rate. This discharge coefficient was

calculated based on the actual cross sectional area at the venturi throat, Avt. The last

column in Table 6.1 shows the results for all of the different geometries studied. It can be

seen that CD,ft is ≈ 1. This result indicates that the assumption of isentropic flow is valid

during the converging side of the carburetor venturi.

Figure 6.24: Discharge coefficients.
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Figure 6.24 shows the overall discharge coefficient for the different geometries that had a

fuel tube 3 mm long. It shows the strong relationship between the overall discharge coefficient

and the throttle plate angle. However, the discharge coefficient calculated for correcting the

static pressure at the tip of the fuel tube remains almost constant and equal to one, even in

these cases.

The effect of this conclusion is that the information required to model the actual static

pressure in the tip of the fuel tube is only the actual cross sectional area at the venturi

throat. Once the mass flow rate is corrected using the overall CD Eqns. (6.1) and (6.2) can

be used with the actual throat area, and CD,ft ≈ 1 to calculate the static pressure on top of

the fuel tube.
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Chapter 7

Considerations for future research

7.1 Summary of this research

As mentioned in the literature review, the carburetor phenomena can be classified into two

sets of problems: the metering of the right amounts of air and fuel flow according to the engine

operating conditions, and the formation of the appropriate mixture quality. The solution

of the the metering problem may be used to set the boundary conditions for the mixture-

quality problem. This research studied the metering problem in small engine carburetors by

characterizing the air and fuel flows in the carburetor venturi and main fuel circuit.

The few studies that had attempted the theoretical characterization of carburetors were

constrained by the limited computational capabilities at the time that they were developed,

and the lack of integration tools that allowed for studying the effect of carburetor flows

on engine performance. The contributions of this research are based on the better under-

standing of the carburetor flows achieved by performing a integrated study that integrates

one-dimensional models, CFD simulations and experiments.

Although a complex device, it was shown in this study that this integration of tools can

give a better understanding of carburetor air and fuel flows, which can be used to propose

and analyze carburetor designs and performance.

It was found that the overall performance of the carburetor may be represented by a one-

dimensional dynamic flow network, with specific models developed for the characterization
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of some of its parts. The information obtained from single-phase CFD simulations were

used to develop correlations for the main fuel orifice and to set the appropriate boundary

conditions for the one-dimensional models.

7.1.1 One-dimensional model

The carburetor model developed in this work captured different physical phenomena that

take place during its operation, such as the minimum velocity to obtain fuel flow, the initial

point for air-bleed, the fuel enrichment caused by the air-bleed system, the compressibility

effects and the dynamic behavior.

The dynamic model predicted a fuel enrichment with increasing engine speed. Such an

effect has been reported in previous carburetor studies, but this is the first time that it has

been captured by a numerical model.

The sensitivity analysis of the dynamic flow network with two-phase flow pipes proved

that the dynamic behavior can be captured with only one instantaneous momentum balance

equation, which represents the flow in the single-phase section of the emulsion tube. This

result reduced the complexity of the model, as the two-phase flow pipes can be modeled with

algebraic equations.

Although the carburetor model was developed for the main fuel circuit, it contains the

building blocks for many other carburetor designs. The modularity of the model will allow

for implementing additional carburetor circuits.

The carburetor model was used to perform sensitivity analyses of fuel flow as function

of carburetor parts. It was found that the main fuel orifice and the venturi are the most

important parameters controlling the fuel delivered by the carburetor.

Finally, the carburetor model was implemented in a one-dimensional engine simulation

package. The implementation required the incorporation of the numerical methods for solv-
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ing the non-linear system of equations that represented the carburetor model. Sensitivity

analyses were performed that showed the same trends regarding the main fuel orifice and

venturi.

7.1.2 CFD analysis of carburetor parts

The CFD studies of the main fuel orifice and the carburetor venturi were used for two

purposes: to gain a better understanding of the flow fields and the causes of pressure losses,

as well as to obtain quantitative information that could be used for the one-dimensional

model.

Main fuel orifice: The CFD analysis of the main fuel orifice showed that the small me-

tering orifices behave like a small pipe. Therefore, the discharge coefficient may be

characterized by an inlet pressure loss coefficient and a friction factor. Although this

may seem to be a trivial observation, the advantage is that the friction factor affects

the straight section of all orifices, and the total pressure loss is the result of its addition

to the inlet losses.

A general friction factor correlation was derived from the CFD results, for a range of

Reynolds from 500 to 5000. This range is considered in pipe flow as transitional from

laminar to turbulent. This friction factor can be used to calculate the pressure losses

in the straight section of the small metering orifices.

Three different orifice inlets were studied: squared-edged, 60◦-angle and 60◦-angle with

an intermediate step (Nikki and Keihin orifices). The CFD results were used to derive

empirical correlations for the inlet pressure loss coefficient.

Therefore, the incorporation of a specific orifice into the one-dimensional model requires

the selection of the corresponding inlet pressure loss coefficient and the specification

of its diameter and length.
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Carburetor venturi: The CFD analysis of the carburetor venturi showed that the fuel

tube is the element that, besides the throttle plate, most affects the airflow field. It

was shown that the inlet obstacles do not create significant losses to the flow and that

the flow may be considered isentropic from the inlet of the venturi to the carburetor

throat. The implication of this result on the implementation on the one-dimensional

model is that the static pressure at the tip of the fuel tube can be calculated with

isentropic relationships. The only information needed is the actual area available for

the flow in the venturi throat.

The CFD analysis also showed characteristics in the flow that may have implications

on the fuel distribution downstream of the carburetor. The large restriction caused

by the fuel tube produces an air jet leaving the venturi throat. This high velocity

detached air flow requires that there is a low-velocity zone behind the fuel tube, which

may create the potential for fuel puddling. Behind the fuel tube, the high-velocity air

encounters another stagnation region caused by the throttle plate and the flow becomes

highly asymmetric as it passes on the sides of the throttle plate.

7.1.3 Experimental studies

Experimental studies were used for validating the one-dimensional model and the CFD

simulations, as well as for characterizing the two-phase flow in the emulsion tube.

The two-phase flow in the emulsion tube is an area where the theoretical models and CFD

tools are not appropriate for its representation. The comparison between the two-phase flow

models developed for vertical pipes and the experimental results in small diameter pipes

showed that the predictions from current theoretical models are different in magnitudes and

trends.
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An experimental setup was built to study the air and fuel flow in small diameter pipes,

in the same flow ranges and dimensions as those found in small engine carburetors. The

information obtained was used to develop semi-empirical correlations that were implemented

in the one-dimensional model. It was found that the two-phase flow in pipes of 5 and 7 mm

could be represented with a void fraction based on homogeneous assumptions and a empirical

friction factor. The flow in 3 mm pipes was not well represented by this correlation, as the

velocities inside the pipe were higher and the homogeneous void fraction assumption may

not be valid. Additional information is required for the characterization of the void fraction

in these pipes.

7.2 Examples of extensions for this research

The tools developed in this research were used to study the feasibility of two carburetor

design changes: one proposal was the implementation of additional single-phase flow pipes

in the carburetor, and the second alternative was a double-body throttle plate.

7.2.1 New passages in carburetor flow network

One of the developments during this research was the characterization of the flow across

many different carburetor parts. In terms of simplicity of implementing carburetor parts,

the single-phase circuits are very simple to implement.

A carburetor design was proposed with an enrichment system that was based on single-

phase pipes that run in the vertical direction, as shown in Figure 7.1-a. Each passage would

be activated by the mass flow rate required to overcome the static head between the level of

fluid at the fuel bowl and the outlet at the venturi throat.
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Figure 7.1: Enrichment system based on single-phase passages. (a) Front view of carburetor
venturi and proposed passages (air flows into the page). (b) Fuel flow rate for the main
system and proposed system.

The system was simulated in EES, adding the equation for the branches and mass conser-

vation at the nodes created in this new system. The boundary conditions were the pressure

traces obtained in GT-Power at the intake manifold of a single-cylinder engine.

The results were very disappointing. As shown in Figure 7.1-b, there was no enrichment

caused by this system with one enrichment passage. After close look at the static pressure

values, it was found that the pressure losses in this single-phase pipes would be very high

due to the laminar flow in these passages.

Nonetheless, this is an example of how the carburetor model can be easily modified to

have additional circuits, and the results used to assess their technical feasibility.

7.2.2 Changes in throttle plate

A carburetor change was proposed in order to answer the question: Is it possible to control

the engine load without the asymmetric flow created by the traditional throttle plate?
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A throttle plate was designed with its body divided in two identical half-plates with their

own shafts and screws, as shown in Figure 7.2. They were located at the same downstream

location from the venturi throat as the original throttle plate.

Figure 7.2: Top and side view of a carburetor with two-body throttle plate.

This design was modeled in Fluent using the characteristics of the numerical studies used

in Chapter 6. Figure 7.3 shows the static pressure, Mach number, turbulence intensity and

total pressure fields when the angle of the throttle plates is 60◦. The analysis of the flow

fields showed that this design achieves a more symmetric and organized flow behind the

carburetor. This simple design change has the potential for improving mixture distribution

downstream of the carburetor without major changes in the carburetor design.
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Figure 7.3: Steady air flow across carburetor venturi with fuel tube, inlet obstacles and two-
body throttle plate at 60◦. (a) Static pressure [Pa], (b) Mach number, (c) Turbulent kinetic
energy [m2/s2], (d) Gauge total pressure [Pa].
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7.3 Research opportunities on carburetors

There are several opportunities to continue studying small engine carburetors. Regarding the

metering problem, the one-dimensional model can be extended by incorporating additional

carburetor passages and information obtained from single-phase CFD analyses of carburetor

parts. The mixture quality problem has many areas that could be studied with experimental

and CFD tools.

7.3.1 Extension of one-dimensional model

The continuation of the one-dimensional model can be performed by the implementation of

other fuel passages, such as the idle system and enrichment circuits at intermediate load,

and by validating experimentally the dynamic behavior captured by the model.

Incorporation of new carburetor circuits:

Although the incorporation in GT-Power was intended to be very modular and easy to be

modified for the addition of new components, two significant constraints were found:

• GT-Power does not offer a solver routine for the solution of user-defined functions that

are incorporated to the program. As the carburetor model is a non-linear system of

equations, the numerical methods had to be written for the implementation of the

carburetor.

• The effect of carburetor metering on engine performance requires additional experi-

mental information for fitting the most appropriate combustion models in GT-Power.

Based on the first constraint, it is recommended that the carburetor model is implemented

in TRNSYS, in order to take advantage of its modular capabilities and incorporation of its

own numerical methods for solving the user-defined systems of equations. In the current
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model, the different carburetor parts have been modeled as building blocks of any other

carburetor design. These building blocks can be implemented in TRNSYS and solved with

its own solver. Pressure traces from the intake manifold may be obtained from GT-Power

and incorporated in TRNSYS as lookup tables. The resulting model will demonstrate the

effect of carburetor circuits and parts on the instantaneous and integrated air-fuel ratio.

In the current model, the inertia of the storage elements, such as fuel well and fuel bowl,

was not considered. Their dynamic behavior can be implemented by modeling them as

reservoirs with inlet and outlet flows.

Finally, additional geometrical characteristics in the carburetor designs can be imple-

mented. For example, the main fuel orifice is located after a 90◦ bent. It was shown that

these orifices behave like small pipes, therefore, additional pressure loss coefficients may be

added to account for these geometric pressure losses.

Experimental validation of carburetor models:

Two sets of information are required for the continuation of these studies: experimental fuel

flow from carburetor passages and engine performance data. It would be highly desirable to

have instantaneous fuel flow from carburetors, although the average fuel consumption might

be used to validate the carburetor model implemented in a running engine.

In order to get the most information from the GT-Power simulations, experimental in-

formation is required to fit the combustion performance.

7.3.2 Using CFD tools to design carburetors

Single-phase CFD models

There are two reasons for using CFD tools to analyze carburetor parts: first, to gather infor-

mation about the flow field that otherwise would be very difficult to obtain experimentally.
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Second, based on the knowledge obtained about the flow, to develop correlations which may

be implemented in the carburetor one-dimensional model. These correlations are based on

physical terms, and may be used to study the effect of changes in the geometry and flow

conditions.

The single-phase CFD tools may be used to study additional obstacles in the carburetor

venturi, such as the choke plate, idle systems that run concentric to the fuel tube and across

the venturi throat, and inlet obstacles that change the direction of the flow. The information

from the flow fields can then be used for the design of the most appropriate location of the

idle system ports and transitional holes, or to set the best boundary conditions for these

carburetor circuits on the one-dimensional model.

Discrete-phase CFD models

An extension of the single-phase CFD studies is the use of discrete phase models for the

characterization of droplet behavior downstream of the carburetor. The main restriction on

these kind of studies is the a-priori knowledge of the droplet size distribution. However,

these studies may be useful for studying the tendency to impact the throttle plate or the

effect of the asymmetry of the air flow leaving the carburetor on the droplet impingement

and mixture distribution in the intake manifold .

7.3.3 Experimental studies

There are also opportunities for fundamental studies that could be developed with experi-

mental analysis of carburetor flows.
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Two-phase flow in small pipes

An additional extension of the one-dimensional model is the continuing characterization of

the emulsion tube. It was shown that the experimental results with 5 and 7 mm diameter

pipes may be correlated with an empirical term for the frictional losses and a void fraction

based on the homogeneous two-phase flow model. Additional experiments and analysis are

required for the characterization of smaller pipes, where the homogeneous assumption for

the void fraction may not be valid.

The experimental setup explained in Chapter 4 proved to be a simple yet very effective

way to characterize the two-phase flow inside the emulsion tube. Additional experiments

should be run to see the effect of different densities and viscosities, and the effects of using

one, two or four lateral holes for the air injection.

During an engine cycle, the flow inside the main fuel circuit goes from no fuel flow, to

only fuel, and finally combined air and fuel flows. The experimental setup could be modified

to control the air flow with solenoid valve. This simple change may allow for studying the

transient behavior once the air flow starts in the emulsion tube and when it stops.

Two-phase flow in small pipes and its effect on droplet break-up

The experimental setup explained in Chapter 4 can be connected to a carburetor venturi

in order to mimic the behavior the emulsion tube under controlled conditions. This new

experiment would allow for studying the effect of the two-phase flow in the emulsion tube on

droplet break-up process. It is expected that the emulsion tube not only affects the metering

of fuel, but also helps the formation of smaller droplets as the bubbles collapse when they

reach the venturi throat.
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Appendix A

Implementation of quasi-steady state

model in EES

A.1 General functions

function Hwell (Pv,in, vv,in, P4, vmj)

$common g, ρa,in, ρf

∆P =

(
P4 + ρf ·

v2
mj

2

)
−
(
Pv,in + ρa,in · v2

v,in/2
)

(A.1)

If (∆P > 0) then

hwell =
∆P

ρf · g
(A.2)

else

hwell = 0 (A.3)

endif

end

function FFACTOR(Re, e)

If (Re <= 2300)and (Re > 0) then

f = 64/Re (A.4)
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endif

If (Re > 2300) then call fcolebrook (Re, e : f)

endif

FFACTOR = f (A.5)

end

function DPPIPE (ρ, µ, v, D, L, ε, k)

Re = ρ ·D · v/µ (A.6)

f = FFACTOR(Re, ε/D) (A.7)

DPPIPE = ρ/2 · v2 · (k + f · L/D) (A.8)

end

subprogramfcolebrook (Re, e : f)

f =
1(

−1.8 · log
(
6.9/Re+ (e/3.7)1.11))2 (A.9)

end

function ∆PET (ṁf , ṁa, L, D, ε)

$common rhof ,muf , g

If ṁa = 0 [Kg/s] then

v =
ṁf

(ρf · π ·D2/4)
(A.10)

∆PET = ρf · g · L+ dppipe (ρf , µf , v, D, L, ε, 0) (A.11)
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else

∆P = 5.665× 103 + 3.702× 106 · ṁf − 1.514× 109 · ṁ2
f

− 1.336× 109 · ṁa + 8.307× 1013 · ṁ2
a (A.12)

∆PET = ∆P · L (A.13)

endif

end

function mhole (Pin, Pfw, Dhole, nhole, hw, hhole)

$common ρa,in, σ

Cd = 0.2 (A.14)

A = π · D
2
hole

4
(A.15)

If (hw <= hhole)and (Pfw > Pin + 4 · σ/Dhole) then

ṁa = Cd · A ·
√

(2 · ρa,in · (Pfw − (Pin + 4 · σ/Dhole))) (A.16)

else

ṁa = 0 (A.17)

endif

mhole = ṁa (A.18)

end

function A/F (ma, mf )

If mf = 0 then

A/F = 0 (A.19)
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else

A/F = ma/mf (A.20)

endif

end

A.2 Quasi-steady state model

VENTURI

Tin = 300 [K] (A.21)

Total inlet conditions

γ = 1.4 (A.22)

Φ =

√((
γ

γ − 1

)
·
(
(Pv,t/P0)

2/γ − (Pv,t/P0)
(γ+1)/γ

)
/ (1− Pv,t/P0)

)
(A.23)

(ṁv)
2 = (Cd,v · Av,t)

2 · (2 · ρa,0 · (P0 − Pv,t)) · Φ2 (A.24)

Cd,v = 0.95 (A.25)

P1 = Pin (A.26)

P2 = Pv,t (A.27)

Rev,t = ρa,in ·Dv,t · vv,t/µa,in (A.28)

ṁv = ρa,t · vv,t · π ·
D2

v,t

4
(A.29)

ρa,t = ρ (air, T = Tin, P = Pv,t) (A.30)
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FUEL BOWL

This carburetor takes the static and dynamic pressure at the inlet of carburetor, on the fuel

bowl

P3 =

(
P1 + ρa,in ·

v2
v,in

2

)
+ ρf · g · hbowl (A.31)

MAIN FUEL ORIFICE

Cd,2 = 0.7 (A.32)

Reo = ρf · vmj ·Dmj/µf (A.33)

vmj ·
(
ρf · π ·

D2
mj

4

)
= ṁf (A.34)

(ṁf )
2 = (Cd,2 · Amj)

2 · (2 · ρf · (P3 − P4)) (A.35)

ṁf = ρf · q̇f ·
∣∣∣∣1.66667× 10-8

m3/s

cm3/min

∣∣∣∣ (A.36)

FUEL WELL

hw = hwell (P1, vv,in, P4, vmj) (A.37)

SINGLE PHASE PART OF EMULSION TUBE

vsp =
ṁf

ρf · π ·D2
sp/4

(A.38)

P4 + ρf ·
v2

mj

2
= P6 + ρf · v2

sp/2

+ ρf · g · (Lsp) + dppipe (ρf , µf , vsp, Dsp, Lsp, εsp, 0)

+ dppipe (ρf , µf , vmj, Dmj, 0 [m] , 0 [m] , 0.5) (A.39)
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Resp = ρf · vsp ·Dsp/µf (A.40)

EMULSION TUBE

P6 − P8 = ∆PET (ṁf , ṁa3, Let,1, Det, εet) (A.41)

P8 − P9 = ∆PET (ṁf , ṁa2 + ṁa3, Let,2, Det, εet) (A.42)

P9 − P2 = ∆PET (ṁf , ṁa1 + ṁa2 + ṁa3, Let,3, Det, εet) (A.43)

HOLES IN EMULSION TUBE

ṁa3 = mhole (P6, P5, Dhole, nhole,1, hw, Lsp) (A.44)

ṁa2 = mhole (P8, P5, Dhole, nhole,2, hw, Lsp + Let,1) (A.45)

ṁa1 = mhole (P9, P5, Dhole, nhole,3, hw, Lsp + Let,1 + Let,2) (A.46)

ṁab = ṁa1 + ṁa2 + ṁa3 (A.47)

AIR PATH

vap =
ṁab

ρa,in · π ·D2
ap/4

(A.48)

P7 + ρa,in ·
v2

aj

2
= P5 + ρa,in · v2

ap/2

+ dppipe (ρa,in, µa,in, vap, Dap, Lap, εap, 3 · 0.5)

+ dppipe (ρa,in, µa,in, vaj, Daj, 0 [m] , 0 [m] , 0.5) (A.49)
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AIR ORIFICE

Cd,aj = 0.8 (A.50)

vaj =
ṁab

ρa,in · π ·D2
aj/4

(A.51)

(ṁab)
2 =

(
Cd,aj · π ·

D2
aj

4

)2

· (2 · ρa,in · (P1 − P7)) (A.52)

PROPERTIES

g = g# (A.53)

ρf = 769
[
Kg/m3

]
(A.54)

µf = 0.000476 [Kg/m ·s] (A.55)

σ = 0.02269 [N/m] (A.56)

ρa,0 = 1
[
Kg/m3

]
(A.57)

µa,in = 0.00001825 [Kg/m ·s] (A.58)

BASELINE

Dv,in = 0.038 [m] (A.59)

Dv,t = 0.025 [m] (A.60)

Av,t = π ·
D2

v,t

4
(A.61)

Dmj = 0.002 [m] (A.62)

Amj = π ·
D2

mj

4
(A.63)

Lsp = 0.03 [m] (A.64)
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Dsp = 0.006 [m] (A.65)

εsp = 0.00001 [m] (A.66)

Let,1 = 0.01 [m] (A.67)

Det = Dsp (A.68)

εet = 0.00001 [m] (A.69)

Let,2 = 0.01 [m] (A.70)

Let,3 = 0.01 [m] (A.71)

Dhole = 0.001 [m] (A.72)

nhole,1 = 1 (A.73)

nhole,2 = 1 (A.74)

nhole,3 = 1 (A.75)

Lap = 0.05 (A.76)

Dap = 0.003 [m] (A.77)

εap = 0.00001 [m] (A.78)

Daj = 0.001 [m] (A.79)

hbowl = 0.04 [m] (A.80)

BOUNDARY CONDITIONS

$ifnot parametrictable
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P0 = 101300 [Pa] (A.81)

ṁv = 0.02 [Kg/s] (A.82)

ṁv = ρa,0 · vv,in · π ·
D2

v,in

4
(A.83)

Pin = P0 (A.84)

ρa,in = ρa,0 (A.85)

$endif

A.3 Dynamic model

The implementation of the dynamic model uses the same functions and equations in Ap-

pendix A, with the changes explained below. The solution of the dynamic model consists

of integrating the instantaneous momentum balance equation that represents the single-

phase part of the fuel tube. Therefore, the solution must be implemented by specifying the

boundary condition as a function of time.

Function CA2

This function changes the value of the crank-angle to a format of two engine cycles.

function CA2(CA)

If CA <= 540 then

CA2 = CA (A.86)

else

CA2 = CA− 720deg (A.87)

endif
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end

—————————————————————–

Boundary conditions

The boundary conditions are called from a Lookup table that stores the results from GT-Power

simulations.

table$ = ‘GT-Power’ (A.88)

Engine speed:

nrpm = 1800 [rpm] (A.89)

ṅ = nrpm ·
∣∣∣∣0.10472

rad/s

rpm

∣∣∣∣ (A.90)

Current crank-angle:

CA = Mod

(
ṅ · t ·

∣∣∣∣57.2958
deg

rad

∣∣∣∣, 720 [deg]

)
− 90 [deg] (A.91)

Boundary conditions:

P0 = Interpolate1(table$, ‘P 0’ , ‘CA’ , CA = CA) ·
∣∣∣∣100000

Pa

bar

∣∣∣∣ (A.92)

vv,in = abs (Interpolate1(table$, ‘v in’ , ‘CA’ , CA = CA)) (A.93)

ṁv = abs (Interpolate1(table$, ‘m dot a’ , ‘CA’ , CA = CA)) (A.94)

Pin = Interpolate1(table$, ‘P’ , ‘CA’ , CA = CA) ·
∣∣∣∣100000

Pa

bar

∣∣∣∣ (A.95)

ρa,in = 1 (A.96)
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CA2 = CA2(CA) (A.97)

Integration

This is the principal change in the solution of the dynamic model. Equations A.38 and A.39

are replaced with

vsp =

∫ 0.08

0.0005

dvsp

dt
dt (A.98)

dvsp

dt
= − P6 − P4

(ρf · Lsp)
− g −

dppipe (ρf , µf , vsp, Dsp, Lsp, εsp, 0)

ρf · Lsp

−
dppipe (ρf , µf , vmj, Dmj, 0 [m] , 0 [m] , 0.5)

ρf · Lsp

(A.99)

The mass flow rates of fuel and air are integrated in order to calculate the air-fuel ratio:

mf =

∫ 0.08

0.0005

ṁf dt (A.100)

mv =

∫ 0.08

0.0005

ṁa dt (A.101)

The integration results are stored in an integral table:

$IntegralTable t : 0.001, CA,CA2, ṁv, ṁf ,mf



178

Appendix B

Carburetor model in Fortran

B.1 Functions used for both models

venturi.f

c---------------------------------------------------------

c---------------------------------------------------------

c

c venturi.f

c

c

c This file contains the equations that represent the

c air flow across a convertent-divergent nozzle.

c

c

c Written by Diego A. Arias

c

c

c

c---------------------------------------------------------

c---------------------------------------------------------

c---------------------------------------------------------

c funcventuri

c

c Calculates the flow across the venturi

c---------------------------------------------------------

SUBROUTINE funcventuri(n,xv,np,f)

integer n, np

real xv(n)

real f(np)

real :: m_dot_v ![Kg/s] Air flow through Venturi
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real :: P_o ![Pa] Total pressure at venturi inlet

real :: rho_a ![Kg/m^3] Air density

real :: gamma ! CP(Air,T=T_0)/CV(Air,T=T_0)

real :: a_v_t ![m^2] Area of venturi throat

real :: C_d_v ! Discharge coefficient

real :: P_t ![Pa] Throat pressure

real :: PHI ! Compressibility factor

P_t = xv(1)

PHI = xv(2)

C_d_v = xv(3)

m_dot_v = xv(4)

P_o = xv(5)

rho_a = xv(6)

gamma = xv(7)

a_v_t = xv(8)

f(1) = PHI**2 - ( ( gamma/(gamma-1) ) * ( (P_t/P_o)**(2./gamma)

- (P_t/P_o)**( (gamma+1.)/gamma ) ) / (1.-P_t/P_o) )

f(2) = m_dot_v**2 - (( C_d_v * a_v_t * PHI )**2) * 2. * rho_a *

(P_o - P_t)

return

END

flow.f

c---------------------------------------------------------

c---------------------------------------------------------

c

c flow.f

c

c

c This file contains the equations that represent common parts

c in different carburetor models, which can be used by a specific

c design.

c

c

c Written by Diego A. Arias

c
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c - deltaP_et: calculates the pressure drop in a single- or two-phase flow pipe

c - dp_pipe: calculates the pressure drop in a silgle-phase pipe

c - frictionfactor: Calculates the Darcy friction factor

c

c - m_hole: calculates the incompressible mass flow rate in an orifice

c

c

c---------------------------------------------------------

c---------------------------------------------------------

c-----------------------------------------------------

c deltaP_et

c

c Calculates the pressure drop in a single- or two-phase flow pipe.

c-----------------------------------------------------

SUBROUTINE deltaP_et(m_dot_f, m_dot_a, L, epsilon, rho_f, rho_a, mu_f

, D, g, deltaP)

implicit none

real :: m_dot_f ![Kg/s] fuel flow

real :: m_dot_a ![Kg/s] Air flow

real :: L ![m] Lenght of pipe

real :: epsilon ![m] Surface roughness

real :: rho_f ![Kg/m^3] Fuel density

real :: rho_a ![Kg/m^3] Air density

real :: mu_f ![Kg/m-s] Fuel viscosity

real :: D ![m] Tube diameter

real :: g ![m/s^2] Gravity

real :: v ![m/s] Velocity

real :: A ![m^2] Cross sectional area

real :: DELTAPL ![Pa/m] Pressure loss per unit lenght

real :: deltaP ![Pa] Pressure drop

real :: PI = 3.14159

A = PI * D**2/4.

if (m_dot_a == 0) then

v = m_dot_f / (rho_f*A)
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call dp_pipe(rho_f,mu_f,v,D,L,epsilon,0.,deltaP)

deltaP = rho_f*g*L + deltaP

else

DELTAPL = 5.665e3 + 3.702e6*m_dot_f - 1.336e9*m_dot_a

- 1.514e9*m_dot_f**2 + 8.307e13*m_dot_a**2

deltaP = DELTAPL*L

endif

return

END

c-----------------------------------------------------

c dp_pipe

c

c Calculates the pressure drop in a single-phase pipe.

c-----------------------------------------------------

SUBROUTINE dp_pipe(rho,mu,v,D,L,epsilon,k,deltaP)

implicit none

real :: Re

real :: L ![m] Lenght of pipe

real :: epsilon ![m] Surface roughness

real :: rho ![Kg/m^3] Density

real :: mu ![Kg/m-s] Viscosity

real :: D ![m] Tube diameter

real :: v ![m/s] Velocity

real :: k ![] Pressure loss coefficient

real :: deltaP ![Pa] Pressure drop

real :: f

Re=rho*D*v/mu

call frictionfactor(Re,epsilon,D,f)

deltaP = rho*(v**2)*(k+f*L/D)/2.

return

END
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c-----------------------------------------------------

c frictionfactor

c-----------------------------------------------------

c Taken from White, F. Fluid mechanics, 4th edition. p. 348

subroutine frictionfactor(Re,epsilon,D,f)

real, intent (in) :: Re

real, intent (in) :: epsilon

real, intent (in) :: D

real, intent (out) :: f

if ( (Re <= 2300) .and. (Re > 0 ) )then

f = 64./Re

endif

if ( Re > 2300 ) then

f = 1. / ( -1.8 * log( 6.9/Re + ( (epsilon/D)/3.7 )**1.11 ) )**2

endif

if (Re <=0) then

f = 0.

endif

return

END subroutine frictionfactor

c-----------------------------------------------------

c m_hole

c

c Calculates the incompressible flow across a small orifice,

c given a pressure drop.

c-----------------------------------------------------

SUBROUTINE m_hole(P_et,P_fw,D_hole,n_hole,h_fw,h_hole,rho_a,

sigma,m_dot)

implicit none

real :: P_et ![Pa] Pressure at the inlet of emulsion tube

real :: P_fw ![Pa] Pressure at the fuel well

real :: D_hole ![m] Hole diameter
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real :: n_hole ![] Number of holes

real :: h_fw ![m] Fuel well level

real :: h_hole ![m] Holes height

real :: rho_a ![Kg/m^3] Air density

real :: sigma ![N/m] Surface tension

real :: m_dot ![Kg/s] Air flow through airbleed system

real :: m_dot2 ! Dummy variable. mdot^2

real :: Cd ![] Discharge coefficient

real :: A ![] Hole area

real :: v ![m/s] Velocity

real :: k ![] Pressure loss coefficient

real :: pi = 3.14159![] Pi

Cd = 0.2

A = pi*D_hole**2/4.

if((h_fw <= h_hole).and.(P_fw >( P_et + 4.*sigma/D_hole)))then

m_dot2 = (Cd*A)**2 *(2.*rho_a*(P_fw - (P_et + 4.*sigma/D_hole)))

else

m_dot2 = 0.

endif

m_dot = sqrt(abs(m_dot2));

return

END

numerical.f

c---------------------------------------------------------

c---------------------------------------------------------

c

c numerical.f

c

c This file contains the numerical methods to solve the

c carburetor model.

c It is divided in three parts:

c 1. Newton method for venturi
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c - mnewtventuri: implements the method

c - userfunventuri: calls the venturi function and jacobian

c - fdjacventuri: calculates the jacobian

c 2. Newton method for fuel flow system

c - mnewtfueltube: implements the method

c - userfunfueltube: calls the fuel flow network function and jacobian

c - fdjacfuletube: calculates the jacobian

c 3. Solution of linear systems of equations:

c - ludcmp: LU decomposition

c - lubksb: LU- back sustitution

c

c Written by Diego A. Arias

c Based on ’Numerical recipes in fortran’

c

c---------------------------------------------------------

c---------------------------------------------------------

c 1. Netwon method for venturi

c---------------------------------------------------------

c---------------------------------------------------------

c

c---------------------------------------------------------

c mnewtventuri

c

c Implements the newton method

c---------------------------------------------------------

SUBROUTINE mnewtventuri(ntrial,x,n,NP,tolx,tolf)

implicit none

INTEGER n,ntrial,NP

REAL tolf,tolx,x(n)

INTEGER i,k,indx(NP)

REAL d,errf,errx,fjac(NP,NP),fvec(NP),p(NP)

do 14 k=1,ntrial

call usrfunventuri(x,n,NP,fvec,fjac)

errf = 0.

do 11 i=1,np !Check function convergence.

errf=errf+abs(fvec(i))

11 enddo

if(errf.le.tolf) return

do 12 i=1,np !Right-hand side of linear equations.
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p(i)=-fvec(i)

1 enddo

call ludcmp(fjac,n,NP,indx,d) !Solve using LU decomposition.

call lubksb(fjac,n,NP,indx,p)

errx=0. !Check root convergence.

do 13 i=1,np !Update solution.

errx=errx+abs(p(i))

x(i)=x(i)+p(i)

13 enddo

if(errx.le.tolx) return

14 enddo

return

END

c---------------------------------------------------------

c usrfunventuri

c

c Calculates the function at x and calls jacobian

c---------------------------------------------------------

SUBROUTINE usrfunventuri(x,n,np,fvec,fjac)

implicit none

integer n, np

real x(n)

real fvec(np), fjac(np)

call funcventuri(n,x,np,fvec)

call fdjacventuri(n,x,fvec,np,fjac)

return

END

c---------------------------------------------------------

c fdjacventuri

c

c Calculates the jacobian

c---------------------------------------------------------
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SUBROUTINE fdjacventuri(n,x,fvec,np,df)

implicit none

INTEGER n,np,NMAX

REAL df(np,np),fvec(np),x(n),EPS

PARAMETER (NMAX=40,EPS=1.e-4)

C USES funcv

INTEGER i,j

REAL h,temp,f(NMAX)

do 16 j=1,np

temp=x(j)

h=EPS*abs(temp)

if(h.eq.0.) h=EPS

x(j)=temp+h !Trick to reduce precision error.

h=x(j)-temp

call funcventuri(n,x,np,f)

x(j)=temp

do 15 i=1,np !Forward difference formula.

df(i,j)=(f(i)-fvec(i))/h

15 enddo

16 enddo

return

END

c---------------------------------------------------------

c---------------------------------------------------------

c 2. Netwon method for fuel tube

c---------------------------------------------------------

c---------------------------------------------------------

c---------------------------------------------------------

c mnewtfueltube

c

c Implements the newton method

c---------------------------------------------------------

SUBROUTINE mnewtfueltube(ntrial,x,n,NP,tolx,tolf)



187

implicit none

INTEGER n,ntrial,NP

REAL tolf,tolx,x(n)

INTEGER i,k,indx(NP)

REAL d,errf,errx,fjac(NP,NP),fvec(NP),p(NP)

do 20 k=1,ntrial

call usrfunfueltube(x,n,NP,fvec,fjac)

errf = 0.;

c User subroutine supplies function values at x in fvec

c and Jacobian matrix in fjac. errf=0.

do 17 i=1,np !Check function convergence.

errf=errf+abs(fvec(i))

17 enddo

if(errf.le.tolf)return

do 18 i=1,np !Right-hand side of linear equations.

p(i)=-fvec(i)

18 enddo

call ludcmp(fjac,n,NP,indx,d) !Solve using LU decomposition.

call lubksb(fjac,n,NP,indx,p)

errx=0. !Check root convergence.

do 19 i=1,np !Update solution.

errx=errx+abs(p(i))

if ( abs(p(i)/x(i)) <= 0.1) then

x(i)=x(i)+p(i)

endif

if (( abs(p(i)/x(i)) > 0.1) .and. (p(i) > 0.)) then

x(i) = x(i) + 1e-5

endif

if (( abs(p(i)/x(i)) > 0.1) .and. (p(i) < 0.)) then

x(i) = x(i) - 1e-5

endif

19 enddo

if(errx.le.tolx)return

if (x(7)<0) then

x(7) = 1e-7
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endif

if (x(9)<0) then

x(9) = 1e-7

endif

if (x(11)<0) then

x(11) = 1e-7

endif

20 enddo

return

END

c---------------------------------------------------------

c usrfunfueltube

c

c Calculates the function at x and calls jacobian

c---------------------------------------------------------

SUBROUTINE usrfunfueltube(x,n,np,fvec,fjac)

implicit none

integer n, np

real x(n)

real fvec(np), fjac(np)

call funcfueltube(n,x,np,fvec)

call fdjacfueltube(n,x,fvec,np,fjac)

return

END

c---------------------------------------------------------

c fdjacfueltube

c

c Calculates the jacobian

c---------------------------------------------------------

SUBROUTINE fdjacfueltube(n,x,fvec,np,df)

implicit none
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INTEGER n,np,NMAX

REAL df(np,np),fvec(np),x(n),EPS

PARAMETER (NMAX=40,EPS=1.e-4)

INTEGER i,j

REAL h,temp,f(NMAX)

do 22 j=1,np

temp=x(j)

h=EPS*abs(temp)

if(h.eq.0.) h=EPS

x(j)=temp+h !Trick to reduce precision error.

h=x(j)-temp

call funcfueltube(n,x,np,f)

x(j)=temp

do 21 i=1,np !Forward difference formula.

df(i,j)=(f(i)-fvec(i))/h

21 enddo

22 enddo

return

END

c---------------------------------------------------------

c---------------------------------------------------------

c 3. LU method for solving linear systems of equations

c---------------------------------------------------------

c---------------------------------------------------------

c---------------------------------------------------------

c ludcmp

c

c Solves a linear system of equations by LU decomposition

c---------------------------------------------------------

SUBROUTINE ludcmp(a,n,np,indx,d)

implicit none

INTEGER n,np,indx(n),NMAX

REAL d,a(np,np),TINY

PARAMETER (NMAX=500,TINY=1.0e-20)
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INTEGER i,imax,j,k

REAL aamax,dum,sum,vv(NMAX)

d=1.

do 24 i=1,np

aamax=0.

do 23 j=1,np

if (abs(a(i,j)).gt.aamax) aamax=abs(a(i,j))

23 enddo

c if (aamax.eq.0.) !pause

vv(i)=1./aamax

24 enddo

do 31 j=1,np

do 26 i=1,j-1

sum=a(i,j)

do 25 k=1,i-1

sum=sum-a(i,k)*a(k,j)

25 enddo

a(i,j)=sum

26 enddo

aamax=0.

do 28 i=j,np

sum=a(i,j)

do 27 k=1,j-1

sum=sum-a(i,k)*a(k,j)

27 enddo

a(i,j)=sum

dum=vv(i)*abs(sum)

if (dum.ge.aamax) then

imax=i

aamax=dum

endif

28 enddo

if (j.ne.imax)then

do 29 k=1,np

dum=a(imax,k)

a(imax,k)=a(j,k)

a(j,k)=dum

29 enddo

d=-d

vv(imax)=vv(j)
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endif

indx(j)=imax

if(a(j,j).eq.0.) a(j,j)=TINY

if(j.ne.np)then

dum=1./a(j,j)

do 30 i=j+1,np

a(i,j)=a(i,j)*dum

30 enddo

endif

31 enddo

return

END

c---------------------------------------------------------

c lubksb

c

c Solves a linear system of equations by LU decomposition

c---------------------------------------------------------

SUBROUTINE lubksb(a,n,np,indx,b)

implicit none

INTEGER n,np,indx(n)

REAL a(np,np),b(n)

INTEGER i,ii,j,ll

REAL sum

ii=0

do 33 i=1,np

ll=indx(i)

sum=b(ll)

b(ll)=b(i)

if (ii.ne.0)then

do 32 j=ii,i-1

sum=sum-a(i,j)*b(j)

32 enddo

else if (sum.ne.0.) then

ii=i

endif

b(i)=sum
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33 enddo

do 35 i=np,1,-1 !Backsubstitution

sum=b(i)

do 34 j=i+1,np

sum=sum-a(i,j)*b(j)

34 enddo

b(i)=sum/a(i,i) !Store a component of the solution vector X.

35 enddo

return

END

B.2 Quasi-steady state model

GT-Power USER HARNESS

subroutine USERHARNESS(istep,imod,intparm,charparm,realparm,dt,

uharn,yharn)

C=============================================================================

c USER HARNESS MODEL c Input Variables: c istep = time step

counter (continuous) c ##intparm = integer array loaded for

UserModel reference object c ##charparm = character array loaded

for UserModel reference object c ##realparm = real array loaded

for UserModel reference object c dt = current time step c

uharn = sensor variable array c Output Variables: c yharn =

actuator variable array c c## These user variables are loaded

through UserModel reference objects

C------------------------------------------------------------------------

C WARNING!!!! DO NOT OVERWRITE THE CONTENTS OF THE USER VARIABLES

C------------------------------------------------------------------------

!MS$ATTRIBUTES DLLEXPORT :: USERHARNESS

integer, intent(in) :: istep, imod

integer, dimension(:), intent(in) :: intparm

character(len=40), dimension(:), intent(in) :: charparm

real, dimension(:), intent(in) :: realparm

real, intent(in) :: dt

real, dimension(:), intent(in) :: uharn

real, dimension(:), intent(out) :: yharn

parameter (kdvar=128,kdharn=1)

common /gtiharn/ gsens(kdvar,kdharn),gactu(kdvar,kdharn)

common /simharn/ ssens(kdvar,kdharn),sactu(kdvar,kdharn)

common /userharn/errorI,error
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C-----------------------------------

c CARBURETOR WITH AIRBLEED - THREE LEVELS OF HOLES c 08-24-04

c Declaration of variables

real m_dot_v, m_dot_f

real P_o

real P_v_in

real v

real :: geometry(18)

real :: CA

integer i

c Geometry from GT-Power

do 10 i=1,18

geometry(i) = realparm(i)

10 enddo

c Inlet conditions from GT-Power

P_o = uharn(2)*100000 !Total pressure, converted to Pascals

v = uharn(3) !Air velocity at carburetor inlet

P_v_in = uharn(4)*100000 !Static pressure at inlet of carburetor

CA = uharn(5) !Crank angle

if (abs(uharn(1)) >= 0.005) then

m_dot_v = abs(uharn(1))

call carb(m_dot_v,m_dot_f,geometry,P_o, v , P_v_in)

if ( m_dot_f < 0.0) then

m_dot_f = 0.0001

endif

else

m_dot_f = 0.0001

endif

yharn(1) = m_dot_f !Fuel flow

yharn(2) = m_dot_v / m_dot_f !Air Fuel ratio
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call USERPLOTSTORE(imod,1,’Fuel flow’,’fuelflow’,’CA’,’fuel flow[Kg/s]’,

CA,m_dot_f)

call USERPLOTSTORE(imod,2,’Air fuel ratio’,’airfuel’,’CA’,’Air fuel

ratio’,CA,yharn(2))

call USERPLOTSTORE(imod,3,’time step’,’time step’,’CA’,’dt’,CA,dt)

return

end

carbSS3.f

c---------------------------------------------------------

c---------------------------------------------------------

c

c carbSS3.f

c

c This file contains the equations that represent the fuel

c and air flow in the carburetor, under steady state conditions.

c The geometry of the emulsion hole allows for 3 levels of holes.

c

c

c Written by Diego A. Arias

c

c -carb: General function that calls the two functions that

solves the entire system:

c - mnewtventuri

c - mnewtfueltube

c

c -funcfueltube: Function that represents the flow accorging

to the geometry

c

c

c---------------------------------------------------------

c---------------------------------------------------------

c carb

c---------------------------------------------------------

subroutine carb(m_dot_v,m_dot_f,geometry,P_o,v_v_in,P_v_in)

implicit none

real, intent(in) :: m_dot_v ![Kg/s] Air flow through Venturi
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real, intent(out):: m_dot_f ![Kg/s] Fuel flow from carburetor

real geometry(18) !Geometry parameters

c -----------------------------------------------------

c Geometry

c -----------------------------------------------------

c Venturi

real :: D_v_in ![m] Inlet Diameter

real :: D_v_t ![m] Throat Diameter

c Main fuel orifice

real :: D_mj ![m] Orifice Diameter

c Fuel bowl

real :: h_fb ![m] Fuel bowl height

c Emulsion tube

real :: D_et ![m] Diameter two-phase part

real :: L_sp ![m] Lenght single phase part

real :: L_et_1 ![m] Lenght two-phase part

real :: L_et_2 ![m] Lenght two-phase part

real :: L_et_3 ![m] Lenght two-phase part

real :: epsilon_et = 0.00001 ![m] Surface roughness

real :: n_hole_1 ![ ] Number of holes in lowest

level of holes

real :: n_hole_2 ![ ] Number of holes in intermediate

level of holes

real :: n_hole_3 ![ ] Number of holes in highest

level of holes

real :: D_hole_1 ![m] Diameter hole

real :: D_hole_2 ![m] Diameter hole

real :: D_hole_3 ![m] Diameter hole

c Air bleed system

real :: L_ap ![m] Lenght air path

real :: D_ap ![m] Diameter air path

real :: epsilon_ap = 0.00001 ![m] Surface roughness

real :: D_aj ![m] Diameter air orifice

real :: a_ap ![m^2] Airbleed area

real :: a_aj ![m^2] Airbleed area

real :: P_aj ![Pa] Pressure after the airbleed orifice

real :: P_ap ![Pa] Pressure above fuel well
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c -----------------------------------------------------

c Substance properties

c -----------------------------------------------------

real :: rho_a = 1 ![Kg/m^3] Air density

real :: rho_f = 769 ![Kg/m^3] Fuel density

real :: mu_a = 0.00001825 ![Kg/m-s] Air viscosity

real :: mu_f = 0.000476 ![Kg/m-s] Fuel viscosity

real :: sigma = 0.02269 ![N/m] Surface tension

c -----------------------------------------------------

c Venturi

c -----------------------------------------------------

real :: P_o ![Pa] Total inlet pressure

real :: v_v_in ![m/s] Air velocity at Venturi inlet

real :: P_v_in ![m/s] Air velocity at Venturi inlet

real :: P_v_t ![Pa] Pressure at Venturi throat

real :: v_v_t ![m/s] Air velocity at Venturi throat

real :: Re_v_t ![ ] Reynolds number based on Venturi throat

real :: C_d_v ![ ] Venturi discharge coefficient

real :: gamma ![ ] Isentropic coefficient of air

real :: PHI ![ ] Compressibility factor

real :: a_v_in ![m^2] Area of Venturi inlet

real :: a_v_t ![m^2] Area of Venturi throat

real :: xv(8) ! Vector to solve venturi with Newton’s method

real :: xf(41) ! Vector to solve fuel side with Newton’s method

c -----------------------------------------------------

c Fuel tube

c -----------------------------------------------------

real :: C_d_mj ![ ] Discharge coefficient of main fuel orifice

real :: a_mj ![m^2] Area of main fuel orifice

real :: a_et ![m^2] Area of emulsion tube

real :: P_mj ![Pa] Pressure after main fuel orifice

real :: AF ! Air fuel ratio

real :: P_et_1 ![Pa] Static pressure at first level of holes

real :: P_et_2 ![Pa] Static pressure at second level of holes

real :: P_et_3 ![Pa] Static pressure at third level of holes

real :: m_dot_a1 ![Kg/s] Air flow though first level of holes

real :: m_dot_a2 ![Kg/s] Air flow though second level of holes

real :: m_dot_a3 ![Kg/s] Air flow though third level of holes

real :: m_dot_ab ![Kg/s] Air flow though airbleed system

c -----------------------------------------------------

c Fuel bowl
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c -----------------------------------------------------

real :: P_fb![Pa] Pressure at bottom of fuel bowl

real :: h_fw![m] Fuel level in fuel well

c -----------------------------------------------------

c Constants

c -----------------------------------------------------

real :: PI = 3.14159

real :: g = 9.81 ![m/s**2] Gravity

integer :: ntrial = 500 !number of trials in newton raphson method

real :: tolx = 1e-6 !tolerance for x convergence

real :: tolf = 1e-6 !tolerance for function convergence

integer :: i

c ---------------------------------------------------------

c Equations

c ---------------------------------------------------------

D_v_in = geometry(1)

D_v_t = geometry(2)

D_mj = geometry(3)

h_fb = geometry(4)

D_et = geometry(8)

L_sp = geometry(9)

D_ap = geometry(5)

L_ap = geometry(6)

D_aj = geometry(7)

L_et_1 = geometry(10)

n_hole_1 = geometry(11)

D_hole_1 = geometry(12)

L_et_2 = geometry(13)

n_hole_2 = geometry(14)

D_hole_2 = geometry(15)

L_et_3 = geometry(16)

n_hole_3 = geometry(17)

D_hole_3 = geometry(18)

c -----------------------------------------------------

c Venturi

c -----------------------------------------------------
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a_v_in = PI * D_v_in**2 / 4

a_v_t = PI * D_v_t**2 / 4

v_v_t = m_dot_v / ( rho_a * a_v_t )

Re_v_t = rho_a*D_v_t*v_v_t / mu_a

c call cdventuri(Re_v_t, C_d_v)

C_d_v = 0.95

gamma = 1.4 !CP(Air,T=T_0)/CV(Air,T=T_0)

c -----------------------------------------------------

c Initial values for venturi

P_v_t = 0.9*P_o

PHI = 0.99

xv(1) = P_v_t

xv(2) = PHI

xv(3) = C_d_v

xv(4) = m_dot_v

xv(5) = P_o

xv(6) = rho_a

xv(7) = gamma

xv(8) = a_v_t

c -----------------------------------------------------

c Solve venturi

call mnewtventuri(ntrial,xv,8,2,tolx,tolf)

P_v_t = xv(1)

PHI = xv(2)

c WRITE(UNIT=*, FMT=*)’P_v_t’, P_v_t

c WRITE(UNIT=*, FMT=*)’PHI’, PHI

c -----------------------------------------------------

c Fuel bowl

c -----------------------------------------------------

P_fb = P_v_in + rho_f * g * h_fb + rho_a*v_v_in**2/2

c WRITE(UNIT=*, FMT=*)’P_fb’, P_fb

c -----------------------------------------------------

c Fuel tube

c -----------------------------------------------------

a_mj = PI * D_mj**2 / 4.

a_et = PI * D_et**2 / 4.

a_ap = PI * D_ap**2 / 4.

a_aj = PI * D_aj**2 / 4.
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c Initial values for fuel tube

C_d_mj = 0.70

h_fw = 0.04

P_mj = 0.5*(1 + PHI)*P_v_t

m_dot_f = 0.6*a_mj*sqrt( 2* rho_f * abs(P_fb - P_mj));

P_et_1 = P_mj + (P_v_t - P_mj)*0.6

P_et_2 = P_v_in !P_mj + (P_v_t - P_mj)*0.7 !P_v_t + (P_v_t - P_mj)*0.5

P_et_3 = P_v_in !P_mj + (P_v_t - P_mj)*0.8 !P_v_t - (P_v_t - P_mj)*0.2

m_dot_a1 = 1e-4

m_dot_a2 = 1e-4

m_dot_a3 = 1e-4

P_ap = P_v_in

P_aj = P_v_in

xf(1) = m_dot_f

xf(2) = P_mj

xf(3) = h_fw

xf(4) = P_ap

xf(5) = P_aj

xf(6) = P_et_1

xf(7) = m_dot_a1

xf(8) = P_et_2

xf(9) = m_dot_a2

xf(10) = P_et_3

xf(11) = m_dot_a3

xf(12) = C_d_mj

xf(13) = rho_f

xf(14) = rho_a

xf(15) = mu_f

xf(16) = mu_a

xf(17) = P_v_in

xf(18) = v_v_in

xf(19) = P_v_t
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xf(20) = P_fb

xf(21) = D_mj

xf(22) = a_mj

xf(23) = D_aj

xf(24) = a_aj

xf(25) = L_ap

xf(26) = D_ap

xf(27) = a_ap

xf(28) = epsilon_ap

xf(29) = L_sp

xf(30) = D_et

xf(31) = a_et

xf(32) = epsilon_et

xf(33) = L_et_1

xf(34) = n_hole_1

xf(35) = D_hole_1

xf(36) = L_et_2

xf(37) = n_hole_2

xf(38) = D_hole_2

xf(39) = L_et_3

xf(40) = n_hole_3

xf(41) = D_hole_3

c -----------------------------------------------------

c Solve fuel flow network

call mnewtfueltube(ntrial,xf,41,11,tolx,tolf)

m_dot_f = xf(1)

P_mj = xf(2)

h_fw = xf(3)

P_ap = xf(4)

P_aj = xf(5)
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P_et_1 = xf(6)

m_dot_a1= xf(7)

P_et_2 = xf(8)

m_dot_a2= xf(9)

P_et_3 = xf(10)

m_dot_a3= xf(11)

return

end subroutine carb

c---------------------------------------------------------

c funcfueltube

c

c Solves the fuel flow systems

c---------------------------------------------------------

SUBROUTINE funcfueltube(n,xf,np,f)

implicit none

integer n, np

real xf(n)

real f(np)

real :: m_dot_f ![Kg/s] fuel flow

real :: P_mj ![Pa] Pressure after main fuel orifice

real :: P_t ![Pa] Pressure at venturi throat

real :: P_f ![Pa] Pressure at bottom of fuel bowl

real :: P_v_in ![Pa] Pressure at the inlet of venturi

real :: P_fw ![Pa] Pressure at top of fuel well

real :: v_v_in ![m/s] Air velocity at inlet of venturi

real :: rho_f ![Kg/m^3] Fuel density

real :: rho_a ![Kg/m^3] Air density

real :: mu_f ![Kg/m-s] Fuel viscosity

real :: mu_a ![Kg/m-s] Air viscosity

real :: gamma ! CP(Air,T=T_0)/CV(Air,T=T_0)

real :: a_mj ![m^2] Area of main fuel orifice

real :: a_et ![m^2] Area of emulsion tube

real :: a_ap ![m^2] Area of air bleed system

real :: L_sp ![m] Length of emulsion tube

real :: L_et_1 ![m] Length of emulsion tube

real :: L_et_2 ![m] Length of emulsion tube

real :: L_et_3 ![m] Length of emulsion tube
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real :: L_ap ![m] Length of airbleed system

real :: D_et ![m] Diameter of emulsion tube

real :: D_mj ![m] Diameter of main fuel orifice

real :: D_ap ![m] Diameter of airbleed system

real :: n_hole_1 ![ ] Number of holes in lowest level of holes

real :: n_hole_2 ![ ] Number of holes in intermediate level of holes

real :: n_hole_3 ![ ] Number of holes in highest level of holes

real :: D_hole_1 ![m] Diameter hole

real :: D_hole_2 ![m] Diameter hole

real :: D_hole_3 ![m] Diameter hole

real :: epsilon_et ![m] Surface roughness of main emulsion tube

real :: epsilon_ap ![m] Surface roughness

real :: D_aj ![m] Diameter air orifice

real :: h_fw ![m] Fuel level in fuel well

real :: C_d_mj ! Discharge coefficient

real :: v_mj ![m/s] Velocity of fuel in main fuel orifice

real :: v_et ![m/s] Velocity of fuel in emulsion tube

real :: v_ap ![m/s] Velocity of air in air path system

real :: v_aj ![m/s] Velocity of air in air jet

real :: Re_mj ! Reynolds number based on main fuel orifice

real :: Re_et ! Reynolds number based on emulsion tube diameter

real :: f_et ! Friction factor in emulsion tube

real :: g = 9.81 ![m/s^2] Gravity

real :: P_et_1 ![Pa] Static pressure at first level of holes

real :: P_et_2 ![Pa] Static pressure at second level of holes

real :: P_et_3 ![Pa] Static pressure at third level of holes

real :: m_dot_a1 ![Kg/s] Air flow though first level of holes

real :: m_dot_a2 ![Kg/s] Air flow though second level of holes

real :: m_dot_a3 ![Kg/s] Air flow though third level of holes

real :: m_dot_ab ![Kg/s] Air flow though airbleed system

real :: P_aj ![Pa] pressure after the airbleed orifice

real :: a_aj ![m^2] Air jet cross area

real :: P_ap ![Pa] Pressure at top of fuel well

real :: temp1, temp2, DELTAP, deltap1, deltap2, mdot1

real :: sigma = 0.02269

real :: C_d_aj

m_dot_f = xf(1)

P_mj = xf(2)
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h_fw = xf(3)

P_ap = xf(4)

P_aj = xf(5)

P_et_1 = xf(6)

m_dot_a1= xf(7)

P_et_2 = xf(8)

m_dot_a2= xf(9)

P_et_3 = xf(10)

m_dot_a3= xf(11)

C_d_mj = xf(12)

rho_f = xf(13)

rho_a = xf(14)

mu_f = xf(15)

mu_a = xf(16)

P_v_in = xf(17)

v_v_in = xf(18)

P_t = xf(19)

P_fb = xf(20)

D_mj = xf(21)

a_mj = xf(22)

D_aj = xf(23)

a_aj = xf(24)

L_ap = xf(25)

D_ap = xf(26)

a_ap = xf(27)

epsilon_ap = xf(28)

L_sp = xf(29)

D_et = xf(30)

a_et = xf(31)

epsilon_et = xf(32)

L_et_1 = xf(33)

n_hole_1 = xf(34)

D_hole_1 = xf(35)
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L_et_2 = xf(36)

n_hole_2 = xf(37)

D_hole_2 = xf(38)

L_et_3 = xf(39)

n_hole_3 = xf(40)

D_hole_3 = xf(41)

c Main fuel orifice

v_mj = m_dot_f/(rho_f*a_mj)

f(1) = m_dot_f**2 - (( C_d_mj * a_mj )**2) * 2. * rho_f * (P_fb - P_mj)

C WRITE(UNIT=*, FMT=*)’m_dot_f’, m_dot_f, ’P_mj’, P_mj

c Emulsion tube - single phase

v_et = m_dot_f / (rho_f * a_et)

temp1 = ( P_mj + rho_f*(v_mj**2)/2. )

call DP_PIPE(rho_f,mu_f,v_et,D_et,L_sp,epsilon_et,0.,deltap1)

call DP_PIPE(rho_f,mu_f,v_mj,D_mj,0.,0.,0.5,deltap2)

temp2 = ( P_et_1 + rho_f* (v_et**2)/2. + rho_f*g*L_sp + deltap1 + deltap2)

f(2) = temp1 - temp2

c Fuel well

DELTAP =(P_mj + rho_f*v_mj**2/2.) - (P_v_in + rho_a* v_v_in**2/2.)

if ( DELTAP > 0.) then

f(3) = h_fw - DELTAP/(rho_f*g)

else

f(3) = h_fw - 0.001

endif

c Emulsion tube - two phase

call deltaP_et(m_dot_f, m_dot_a1, L_et_1, epsilon_et, rho_f, rho_a, mu_f,

D_et, g, deltap1)

f(4) = P_et_1 - P_et_2 - deltap1

call deltaP_et(m_dot_f, m_dot_a1 + m_dot_a2, L_et_2, epsilon_et, rho_f,

rho_a, mu_f, D_et, g, deltap1)
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f(5) = P_et_2 - P_et_3 - deltap1

call deltaP_et(m_dot_f, m_dot_a1 + m_dot_a2 + m_dot_a3, L_et_3, epsilon_et,

rho_f, rho_a, mu_f, D_et, g, deltap1)

f(6) = P_et_3 - P_t - deltap1

c Holes in emulsion tube

call m_hole(P_et_1,P_ap,D_hole_1, n_hole_1, h_fw, L_sp, rho_a, sigma,mdot1)

f(7) = m_dot_a1 - mdot1

call m_hole(P_et_2,P_ap,D_hole_2, n_hole_2, h_fw, L_sp + L_et_1, rho_a,

sigma,mdot1)

f(8) = m_dot_a2 - mdot1

call m_hole(P_et_3,P_ap,D_hole_3, n_hole_3, h_fw, L_sp + L_et_1 + L_et_2,

rho_a, sigma, mdot1)

f(9) = m_dot_a3 - mdot1

c Air path system

m_dot_ab = m_dot_a1 + m_dot_a2 + m_dot_a3

v_ap = m_dot_ab/(rho_a*a_ap)

v_aj = m_dot_ab/(rho_a*a_aj)

temp1 = ( P_aj + rho_a*(v_aj**2)/2. )

call DP_PIPE(rho_a,mu_a,v_ap,D_ap,L_ap,epsilon_ap,3*0.5, deltap1)

call DP_PIPE(rho_a,mu_a,v_aj,D_aj,0.,0.,0.5,deltap2)

temp2 = P_ap + rho_a* (v_ap**2)/2. + deltap1 + deltap2

f(10) = temp1 - temp2

c Air orifice

C_d_aj = 0.8

f(11) = m_dot_ab**2 - (( C_d_aj * a_aj )**2) * 2. * rho_a * (P_v_in - P_aj)

c Discharge coefficient

c Re_mj = rho_f*v_mj*D_mj/mu_f
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c f(12) = C_d_mj - 0.7

return

END

B.3 Dynamic model

GT-Power userharness

subroutine USERHARNESS(istep,imod,intparm,charparm,realparm,dt,

uharn,yharn)

C===================================================================

c USER HARNESS MODEL

c Input Variables:

c istep = time step counter (continuous)

c ##intparm = integer array loaded for UserModel reference object

c ##charparm = character array loaded for UserModel reference object

c ##realparm = real array loaded for UserModel reference object

c dt = current time step

c uharn = sensor variable array

c Output Variables:

c yharn = actuator variable array

c

c## These user variables are loaded through UserModel reference objects

C------------------------------------------------------------------

C WARNING!!!! DO NOT OVERWRITE THE CONTENTS OF THE USER VARIABLES

C------------------------------------------------------------------

!MS$ATTRIBUTES DLLEXPORT :: USERHARNESS

integer, intent(in) :: istep, imod

integer, dimension(:), intent(in) :: intparm

character(len=40), dimension(:), intent(in) :: charparm

real, dimension(:), intent(in) :: realparm

real, intent(in) :: dt

real, dimension(:), intent(in) :: uharn

real, dimension(:), intent(out) :: yharn

parameter (kdvar=128,kdharn=1)

common /gtiharn/ gsens(kdvar,kdharn),gactu(kdvar,kdharn)
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common /simharn/ ssens(kdvar,kdharn),sactu(kdvar,kdharn)

common /userharn/errorI,error

C-----------------------------------

c CARBURETOR WITH AIRBLEED - THREE LEVELS OF HOLES - DYNAMIC MODEL

c 08-31-04

c Declaration of variables

real m_dot_v, m_dot_f

real P_o

real P_v_in

real v

real :: geometry(18)

real :: CA

real :: m_dot_fold

integer i

c Geometry from GT-Power

do 10 i=1,18

geometry(i) = realparm(i)

10 enddo

c Inlet conditions from GT-Power

P_o = uharn(2)*100000 !Total pressure, converted to Pascals

v = uharn(3) !Air velocity at carburetor inlet

P_v_in = uharn(4)*100000 !Static pressure at inlet of carburetor

CA = uharn(5) !Crank angle

m_dot_fold = uharn(6)/3600 !Fuel flow, previous time step

if (abs(uharn(1)) >= 0.005) then

m_dot_v = abs(uharn(1))

call carbdyn(m_dot_v,m_dot_f,geometry,P_o, v , P_v_in,m_dot_fold,dt)

else

m_dot_f = 1e-5 !0.5*abs(m_dot_fold) !!!

endif

yharn(1) = abs(m_dot_f) !Fuel flow

yharn(2) = abs(m_dot_v / m_dot_f) !Air Fuel ratio
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if (yharn(2) > 20) then

yharn(1) = m_dot_v / 20. !Limit for fuel flow

endif

call USERPLOTSTORE(imod,1,’Fuel flow’,’fuelflow’,’CA’,’fuel flow[Kg/s]’,

CA,yharn(1))

call USERPLOTSTORE(imod,2,’Air fuel ratio’,’airfuel’,’CA’,’Air fuel ratio’,

CA,yharn(2))

call USERPLOTSTORE(imod,3,’time step’,’time step’,’CA’,’dt’,CA,dt)

return

end

carbUS3.f

c---------------------------------------------------------

c---------------------------------------------------------

c

c carbUS3.f

c

c

c This file contains the equations that represent the fuel

c and air flow in the carburetor, under dynamic conditions.

c The geometry of the emulsion hole allows for 3 levels of holes.

c

c Written by Diego A. Arias

c

c

c -carb: It calls the two functions that solves the entire system:

c - mnewtventuri

c - mnewtfueltube

c

c -funcfueltube: It represents the flow accorging to the geometry

c

cc

c---------------------------------------------------------

c---------------------------------------------------------

c---------------------------------------------------------

c carbdyn

c---------------------------------------------------------
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subroutine carbdyn(m_dot_v,m_dot_f,geometry,P_o,v_v_in,P_v_in,

m_dot_fold,dt)

implicit none

real, intent(in) :: m_dot_v ![Kg/s] Air flow through Venturi

real, intent(out):: m_dot_f ![Kg/s] Fuel flow from carburetor

real geometry(18) !Geometry parameters

real, intent(in) :: m_dot_fold ![Kg/s] Fuel flow previous time step

real, intent(in) :: dt ![s] time step

c -----------------------------------------------------

c Geometry

c -----------------------------------------------------

c Venturi

real :: D_v_in ![m] Inlet Diameter

real :: D_v_t ![m] Throat Diameter

c Main fuel orifice

real :: D_mj ![m] Orifice Diameter

c Fuel bowl

real :: h_fb ![m] Fuel bowl height

c Emulsion tube

real :: D_et ![m] Diameter two-phase part EQUAL TO SINGLE PHASE

real :: L_sp ![m] Lenght single phase part

real :: L_et_1 ![m] Lenght two-phase part

real :: L_et_2 ![m] Lenght two-phase part

real :: L_et_3 ![m] Lenght two-phase part

real :: epsilon_et = 0.00001 ![m] Surface roughness

real :: n_hole_1 ![ ] Number of holes in lowest level of holes

real :: n_hole_2 ![ ] Number of holes in intermediate level of holes

real :: n_hole_3 ![ ] Number of holes in highest level of holes

real :: D_hole_1 ![m] Diameter hole

real :: D_hole_2 ![m] Diameter hole

real :: D_hole_3 ![m] Diameter hole

c Air bleed system

real :: L_ap ![m] Lenght air path

real :: D_ap ![m] Diameter air path

real :: epsilon_ap = 0.00001 ![m] Surface roughness

real :: D_aj ![m] Diameter air orifice

real :: a_aj ![m^2] Air jet area
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real :: a_ap ![m^2] Airbleed area

real :: P_aj ![Pa] Pressure after the airbleed orifice

real :: P_ap ![Pa] Pressure above fuel well

c -----------------------------------------------------

c Substance properties

c -----------------------------------------------------

real :: rho_a = 1 ![Kg/m^3] Air density

real :: rho_f = 769 ![Kg/m^3] Fuel density

real :: mu_a = 0.00001825 ![Kg/m-s] Air viscosity

real :: mu_f = 0.000476 ![Kg/m-s] Fuel viscosity

real :: sigma = 0.02269 ![N/m] Surface tension

c -----------------------------------------------------

c Venturi

c -----------------------------------------------------

real :: P_o !!!!! ![Pa] Total inlet pressure

real :: v_v_in !!!!! ![m/s] Air velocity at Venturi inlet

real :: P_v_in !!!!! ![m/s] Air velocity at Venturi inlet

real :: P_v_t ![Pa] Pressure at Venturi throat

real :: v_v_t ![m/s] Air velocity at Venturi throat

real :: Re_v_t ![ ] Reynolds number based on Venturi throat

real :: C_d_v ![ ] Venturi discharge coefficient

real :: gamma ![ ] Polytropic coefficient of air

real :: PHI ![ ] Compressibility factor

real :: a_v_in ![m^2] Area of Venturi inlet

real :: a_v_t ![m^2] Area of Venturi throat

real :: xv(8) ! Vector to solve venturi with Newton’s method

real :: xf(43) ! Vector to solve fuel side with Newton’s method

c -----------------------------------------------------

c Fuel tube

c -----------------------------------------------------

real :: C_d_mj ![ ] Discharge coefficient of main fuel orifice

real :: a_mj ![m^2] Area of main fuel orifice

real :: a_et ![m^2] Area of emulsion tube

real :: P_mj ! Pressure after main fuel orifice

real :: AF ! Air fuel ratio

real :: P_et_1 ![Pa] Static pressure at first level of holes

real :: P_et_2 ![Pa] Static pressure at second level of holes

real :: P_et_3 ![Pa] Static pressure at third level of holes

real :: m_dot_a1 ![Kg/s] Air flow though first level of holes
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real :: m_dot_a2 ![Kg/s] Air flow though second level of holes

real :: m_dot_a3 ![Kg/s] Air flow though third level of holes

real :: m_dot_ab ![Kg/s] Air flow though airbleed system

c -----------------------------------------------------

c Fuel bowl

c -----------------------------------------------------

real :: P_fb ![Pa] Pressure at bottom of fuel bowl

real :: h_fw ![m] Fuel level in fuel well

c -----------------------------------------------------

c Constants

c -----------------------------------------------------

real :: PI = 3.14159

real :: g = 9.81 ![m/s**2] Gravity

integer :: ntrial = 500 !number of trials in newton raphson method

real :: tolx = 1e-3 !tolerance for x convergence

real :: tolf = 1e-3 !tolerance for function convergence

c ---------------------------------------------------------

c Equations

c ---------------------------------------------------------

D_v_in = geometry(1)

D_v_t = geometry(2)

D_mj = geometry(3)

h_fb = geometry(4)

D_et = geometry(8)

L_sp = geometry(9)

D_ap = geometry(5)

L_ap = geometry(6)

D_aj = geometry(7)

L_et_1 = geometry(10)

n_hole_1 = geometry(11)

D_hole_1 = geometry(12)

L_et_2 = geometry(13)

n_hole_2 = geometry(14)
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D_hole_2 = geometry(15)

L_et_3 = geometry(16)

n_hole_3 = geometry(17)

D_hole_3 = geometry(18)

c -----------------------------------------------------

c Venturi

c -----------------------------------------------------

a_v_in = PI * D_v_in**2 / 4

a_v_t = PI * D_v_t**2 / 4

v_v_t = m_dot_v / ( rho_a * a_v_t )

Re_v_t = rho_a*D_v_t*v_v_t / mu_a

C_d_v = 0.95

gamma = 1.4 !CP(Air,T=T_0)/CV(Air,T=T_0)

c Initial values for venturi

P_v_t = 0.9*P_o

PHI = 0.99

xv(1) = P_v_t

xv(2) = PHI

xv(3) = C_d_v

xv(4) = m_dot_v

xv(5) = P_o

xv(6) = rho_a

xv(7) = gamma

xv(8) = a_v_t

call mnewtventuri(ntrial,xv,8,2,tolx,tolf)

P_v_t = xv(1)

PHI = xv(2)

c -----------------------------------------------------

c Fuel bowl

c -----------------------------------------------------

P_fb = P_v_in + rho_f * g * h_fb + rho_a*v_v_in**2/2

c -----------------------------------------------------

c Fuel tube
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c -----------------------------------------------------

a_mj = PI * D_mj**2 / 4.

a_et = PI * D_et**2 / 4.

a_ap = PI * D_ap**2 / 4.

a_aj = PI * D_aj**2 / 4.

c Initial values for fuel tube

m_dot_f = m_dot_fold

c P_mj = 0.98*P_fb

C_d_mj = 0.70

h_fw = 0.04

c P_et_1 = 0.99*P_v_t

c P_et_2 = 0.98*P_v_t

c P_et_3 = 0.97*P_v_t

c m_dot_a1 = 0.00001

c m_dot_a2 = 0.00001

c m_dot_a3 = 0.00001

c P_ap = 0.98*P_v_in

c P_aj = 0.97*P_aj

P_mj = 0.5*(1 + PHI)*P_v_t

c m_dot_f = 0.6*a_mj*sqrt( 2* rho_f * abs(P_fb - P_mj));

P_et_1 = P_mj + (P_v_t - P_mj)*0.6

P_et_2 = P_v_in

P_et_3 = P_v_in

m_dot_a1 = 1e-4

m_dot_a2 = 1e-4

m_dot_a3 = 1e-4

P_ap = P_v_in

P_aj = P_v_in

xf(1) = m_dot_f

xf(2) = P_mj

xf(3) = h_fw
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xf(4) = P_ap

xf(5) = P_aj

xf(6) = P_et_1

xf(7) = m_dot_a1

xf(8) = P_et_2

xf(9) = m_dot_a2

xf(10) = P_et_3

xf(11) = m_dot_a3

xf(12) = C_d_mj

xf(13) = rho_f

xf(14) = rho_a

xf(15) = mu_f

xf(16) = mu_a

xf(17) = P_v_in

xf(18) = v_v_in

xf(19) = P_v_t

xf(20) = P_fb

xf(21) = D_mj

xf(22) = a_mj

xf(23) = D_aj

xf(24) = a_aj

xf(25) = L_ap

xf(26) = D_ap

xf(27) = a_ap

xf(28) = epsilon_ap

xf(29) = L_sp

xf(30) = D_et

xf(31) = a_et

xf(32) = epsilon_et

xf(33) = L_et_1

xf(34) = n_hole_1

xf(35) = D_hole_1

xf(36) = L_et_2
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xf(37) = n_hole_2

xf(38) = D_hole_2

xf(39) = L_et_3

xf(40) = n_hole_3

xf(41) = D_hole_3

xf(42) = m_dot_fold

xf(43) = dt

call mnewtfueltube(ntrial,xf,43,11,tolx,tolf)

c WRITE(UNIT=*, FMT=*)’m_dot_ab’, xf(7)+ xf(9) + xf(11)

m_dot_f = xf(1)

m_dot_f = xf(1)

P_mj = xf(2)

h_fw = xf(3)

P_ap = xf(4)

P_aj = xf(5)

P_et_1 = xf(6)

m_dot_a1= xf(7)

P_et_2 = xf(8)

m_dot_a2= xf(9)

P_et_3 = xf(10)

m_dot_a3= xf(11)

return

end subroutine carbdyn

c---------------------------------------------------------

c funcfueltube

c

c Calculates the dynamic flow network

c---------------------------------------------------------

SUBROUTINE funcfueltube(n,xf,np,f)

implicit none



216

integer n, np

real xf(n)

real f(np)

real :: m_dot_f ![Kg/s] fuel flow

real :: P_mj ![Pa] Pressure after main fuel orifice

real :: P_t ![Pa] Pressure at venturi throat

real :: P_fb ![Pa] Pressure at bottom of fuel bowl

real :: P_v_in ![Pa] Pressure at the inlet of venturi

real :: P_fw ![Pa] Pressure at top of fuel well

real :: v_v_in ![m/s] Air velocity at inlet of venturi

real :: rho_f ![Kg/m^3] Fuel density

real :: rho_a ![Kg/m^3] Air density

real :: mu_f ![Kg/m-s] Fuel viscosity

real :: mu_a ![Kg/m-s] Air viscosity

real :: gamma ! CP(Air,T=T_0)/CV(Air,T=T_0)

real :: a_mj ![m^2] Area of main fuel orifice

real :: a_et ![m^2] Area of emulsion tube

real :: a_ap ![m^2] Area of air bleed system

real :: L_sp ![m] Length of emulsion tube

real :: L_et_1 ![m] Length of emulsion tube

real :: L_et_2 ![m] Length of emulsion tube

real :: L_et_3 ![m] Length of emulsion tube

real :: L_ap ![m] Length of airbleed system

real :: D_et ![m] Diameter of emulsion tube

real :: D_mj ![m] Diameter of main fuel orifice

real :: D_ap ![m] Diameter of airbleed system

real :: n_hole_1 ![ ] Number of holes in lowest level of holes

real :: n_hole_2 ![ ] Number of holes in intermediate level of holes

real :: n_hole_3 ![ ] Number of holes in highest level of holes

real :: D_hole_1 ![m] Diameter hole

real :: D_hole_2 ![m] Diameter hole

real :: D_hole_3 ![m] Diameter hole

real :: epsilon_et ![m] Surface roughness of main emulsion tube

real :: epsilon_ap ![m] Surface roughness

real :: D_aj ![m] Diameter air orifice

real :: h_fw ![m] Fuel level in fuel well

real :: C_d_mj ! Discharge coefficient

real :: v_mj ![m/s] Velocity of fuel in main fuel orifice

real :: v_et ![m/s] Velocity of fuel in emulsion tube

real :: v_ap ![m/s] Velocity of air in airbleed system

real :: v_aj ![m/s] Velocity of air in airjet
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real :: Re_mj ! Reynolds number based on main fuel orifice

real :: Re_et ! Reynolds number based on emulsion tube diameter

real :: f_et ! Friction factor in emulsion tube

real :: g = 9.81 ![m/s^2] Gravity

real :: P_et_1 ![Pa] Static pressure at first level of holes

real :: P_et_2 ![Pa] Static pressure at second level of holes

real :: P_et_3 ![Pa] Static pressure at third level of holes

real :: m_dot_a1 ![Kg/s] Air flow though first level of holes

real :: m_dot_a2 ![Kg/s] Air flow though second level of holes

real :: m_dot_a3 ![Kg/s] Air flow though third level of holes

real :: m_dot_ab ![Kg/s] Air flow though airbleed system

real :: P_aj ![Pa] pressure after the airbleed orifice

real :: a_aj ![m^2] Air jet cross area

real :: P_ap ![Pa] Pressure at top of fuel well

real :: m_dot_fold ![Kg/s] Fuel flow previous time step

real :: dt ![s] Time step

real :: v_et_old ![m/s] Fuel velocity at previous time step

real :: dvspdt ![m/s^2] Time derivative of velocity

real :: temp1, temp2, DELTAP, deltap1, deltap2, mdot1

real :: m_dot_new !New fuel flow rate

real :: sigma = 0.02269

real :: C_d_aj

m_dot_f = xf(1)

P_mj = xf(2)

h_fw = xf(3)

P_ap = xf(4)

P_aj = xf(5)

P_et_1 = xf(6)

m_dot_a1= xf(7)

P_et_2 = xf(8)

m_dot_a2= xf(9)

P_et_3 = xf(10)

m_dot_a3= xf(11)

C_d_mj = xf(12)

rho_f = xf(13)
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rho_a = xf(14)

mu_f = xf(15)

mu_a = xf(16)

P_v_in = xf(17)

v_v_in = xf(18)

P_t = xf(19)

P_fb = xf(20)

D_mj = xf(21)

a_mj = xf(22)

D_aj = xf(23)

a_aj = xf(24)

L_ap = xf(25)

D_ap = xf(26)

a_ap = xf(27)

epsilon_ap = xf(28)

L_sp = xf(29)

D_et = xf(30)

a_et = xf(31)

epsilon_et = xf(32)

L_et_1 = xf(33)

n_hole_1 = xf(34)

D_hole_1 = xf(35)

L_et_2 = xf(36)

n_hole_2 = xf(37)

D_hole_2 = xf(38)

L_et_3 = xf(39)

n_hole_3 = xf(40)

D_hole_3 = xf(41)

m_dot_fold = xf(42)

dt = xf(43)
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c Main fuel orifice

m_dot_new = 0.5 * m_dot_f + 0.5 * m_dot_fold !Crank-Nicolson

c m_dot_new = m_dot_f !Implicit solution

c m_dot_new = m_dot_fold !Explicit solution

v_mj = m_dot_new/(rho_f*a_mj)

f(1) = m_dot_new**2 - ((C_d_mj*a_mj)**2)* 2.*rho_f*(P_fb - P_mj)

c Emulsion tube - single phase

v_et = m_dot_new / (rho_f * a_et)

v_et_old = m_dot_fold/(rho_f * a_et)

call DP_PIPE(rho_f,mu_f,v_et,D_et,L_sp,epsilon_et,0.,deltap1)

call DP_PIPE(rho_f,mu_f,v_mj,D_mj,0.,0.,0.5,deltap2)

dvspdt = - (P_et_1 - P_mj)/(rho_f*L_sp) - g +

abs(deltap1)/(rho_f*L_sp) + abs(deltap2)/(rho_f*L_sp)

f(2) = (v_et - v_et_old) - dvspdt*dt

c Fuel well

DELTAP =(P_mj + rho_f*v_mj**2/2.) - (P_v_in + rho_a* v_v_in**2/2.)

if ( DELTAP > 0.) then

f(3) = h_fw - DELTAP/(rho_f*g)

else

f(3) = h_fw - 0.001

endif

c Emulsion tube - two phase

call deltaP_et(m_dot_new, m_dot_a1,L_et_1,epsilon_et,rho_f,rho_a,mu_f,

D_et,g,deltap1)

f(4) = P_et_1 - P_et_2 - deltap1

call deltaP_et(m_dot_new,m_dot_a1 + m_dot_a2,L_et_2,epsilon_et,rho_f,

rho_a,mu_f,D_et,g,deltap1)

f(5) = P_et_2 - P_et_3 - deltap1

call deltaP_et(m_dot_new,m_dot_a1 + m_dot_a2 + m_dot_a3,L_et_3,

epsilon_et,rho_f,rho_a,mu_f,D_et,g,deltap1)
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f(6) = P_et_3 - P_t - deltap1

c Holes in emulsion tube

call m_hole(P_et_1,P_ap,D_hole_1, n_hole_1, h_fw, L_sp, rho_a, sigma,

mdot1)

f(7) = m_dot_a1 - mdot1

call m_hole(P_et_2,P_ap,D_hole_2, n_hole_2,h_fw,L_sp + L_et_1,rho_a,

sigma,mdot1)

f(8) = m_dot_a2 - mdot1

call m_hole(P_et_3,P_ap,D_hole_3, n_hole_3,h_fw,L_sp + L_et_1 + L_et_2,

rho_a,sigma,mdot1)

f(9) = m_dot_a3 - mdot1

c Air path system

m_dot_ab = m_dot_a1 + m_dot_a2 + m_dot_a3

v_ap = m_dot_ab/(rho_a*a_ap)

v_aj = m_dot_ab/(rho_a*a_aj)

temp1 = ( P_aj + rho_a*(v_aj**2)/2. ) !!!!

call DP_PIPE(rho_a,mu_a,v_ap,D_ap,L_ap,epsilon_ap,3*0.5, deltap1)

call DP_PIPE(rho_a,mu_a,v_aj,D_aj,0.,0.,0.5,deltap2)

temp2 = P_ap + rho_a* (v_ap**2)/2. + deltap1 + deltap2

f(10) = temp1 - temp2

c Air orifice

C_d_aj = 0.8

f(11) = m_dot_ab**2 - ((C_d_aj*a_aj)**2)*2.*rho_a*(P_v_in - P_aj)

return

END
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Appendix C

Richardson Extrapolation

The description of the Richardson extrapolation method for uniform grids is given in Ce-

lik and Zhang [97] and for nonuniform grids in Celik and Karatekin [98]. An additional

parameter, the Grid convergence index, GCI, was proposed by Roache [94].

First, a representative cell size must be defined:

h =

(
1

N

N∑
i=1

∆Vi

)1/3

, (C.1)

where ∆Vi is the volume of the ith cell, and N is the total number of cells. The result from

C.1 can be used for integral calculations, e.g., discharge or pressure coefficients. For field

values the local cell size can be used.

Then, three simulations must be run with three significantly different grids. Use a key

variable, objective of the simulations, for example φ.

Define a grid refinement factor:

r = hcoarse/hfine. (C.2)

It is desirable that r ≥ 1.3.

Let h1 < h2 < h3 and r21 = h2/h1, r32 = h3/h2 and calculate the apparent order, p, of

the method:

p =
1

ln(r21)
|ln|ε32/ε21|+ q(p)| (C.3)
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q(p) = ln

(
rp
21 − s

rp
32 − s

)
(C.4)

s = 1 · sign(ε32/ε21), (C.5)

where ε32 = φ3 − φ2, ε21 = φ2 − φ1, φk representing the solution on the kth grid.

Calculate the extrapolated values from

φ21
ext = (rp

21φ1 − φ2)/(r
p
21 − 1) (C.6)

Calculate the error estimates:

• Approximate relative error:

e21a =

∣∣∣∣φ1 − φ2

φ1

∣∣∣∣ (C.7)

• Extrapolated relative error:

e21ext =

∣∣∣∣φ21
ext − φ2

φ21
ext

∣∣∣∣ (C.8)

• Fine grid convergence index:

GCI21fine =
1.25e21a

rp
21 − 1

(C.9)

The fine grid convergence index, GCI, is recommended to be used as error bars when

a computed profile is plotted. In this case the order of the method should be an average,

p = pave, over the region of interest.
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