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Abstract

The Oscar Mayer Foods Corporation has been cooking hot dogs by essentially the
same process for years. This has made designing new cooking processes relatively
simple as the new process could be based on the design of an existing process. Re-
cently the design procedure has changed. The introduction of new products such as
cheese hot dogs and low fat hot dogs has created the demand for a greater understand-
ing of the cooking process and the physical factors that influence the heat and mass

transfer in the final product.

The goal of this research is to determine the effects that physical parameters such
as temperature, humidity, air velocity, and time have on the temperature profile of the
product as it is cooked. The research involved the development of models of a hot dog
and the cooking process that were used to simulate a real process. Experiments were
conducted on real cooking equipment to determine the convective heat transfer coeffi-

cient which was used to model both the heat and mass transfer at the product surface.

The models were then used to simulate cooking of hot dogs under various design
conditions to determine the importance and effects various parameters have on the
temperature profile of the final product. The model is flexible and can aid the design of

cooking processes for new and existing products.
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Chapter 1

Introduction

Oscar Mayer has been cooking hot dogs by essentially the same process for years.
This has made designing new cooking processes relatively simple as the new process
could be based on the design of an existing process. Recently the design procedure has
changed. The introduction of new products such as cheese hot dogs and low fat hot
dogs ha; created the demand for a greater understanding of the cooking process and the

physical factors that influence the heat and mass transfer in the final product.

The goal of this research is to determine the effects that physical parameters such
as temperature, humidity, and time have on the product as it is cooked. The research
involved the development of models of a hot dog and the cooking process that were
used to simulate a real process. The models were used to simulate cooking of hot dogs
under various design conditions to determine the importance and effects various param-
eters have on the temperature profile of the final product. The model is flexible and can

aid the design of cooking processes for new and existing products.



L1 Background

Cooking of food products is familiar to just about everyone as it is a task encoun-
tered during everyday life. Yet as important as cooked food is to everyday life, there is
not a clear understanding of the cooking process and the factors that influence the
quality of the final product. Part of this lack of understanding is due to the complexity
of the cooking process. There can be many phenomena such as melting of fats, dena-
turation of proteins, and water evaporation, all of which can affect the final quality of
the food product. Moreover, even if the cooking process was completely understood,
the material properties of food poses another problem. Thermal properties are usually
functions of temperature and foods that exhibit large variability in their composition

will exhibit the same degree of variability in their thermal properties [1].

Even with all the problems and difficulties associated with food processing, it is
possible to model food processing systems by making simplifying assumptions. These
assumptions will limit the scope of the solution, but at the same time lead to models
which will aid in the understanding of the heat and mass transfer that occurs during

cooking.

L2 A Detailed Description of the Hot Dog Cooking Process

Before the cooking process can be explained it is important to understand how the
hot dogs are formed and loaded into the processing equipment. Initially the hot dog
meat is in the form of a liquid batter. The batter is stuffed into a synthetic casing that

forms the shape of the hot dog and holds the meat together until it can be cooked. The
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casing is twisted to form a long chain of hot dogs. The hot dogs are then looped onto a
stainless steel rack referred to as a stick. The stick is loaded onto a conveyance chain
that transports the hot dogs through the entire cooking process. The chain speed or
conveyance rate can be varied but is typically set at 5.5 ft/min. At this conveyance rate

it takes approximately 96 minutes for a stick of hot dogs to go through the entire pro-
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Figure 1.1 Process Cross Section

The cooking process, shown in Fig. 1.1, consists of seven different physical zones.
Each zone is approximately twelve minutes long. The product typically makes four
passes in each zone, where a pass is defined as the distance from the top of the zone to
the bottom of the zone. Each zone is responsible for a different aspect of the cookin g

process and therefore has different free stream conditions such as dry bulb temperature,
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wet bulb temperature and average air velocity. The zones are often times separated by
what is called a transition zone. The function of the transition zone is to prevent the
conditions in one zone from adversely affecting the conditions in an adjacent zone.
This is accomplished by controlling the air pressures in each zone, thus minimizing the

flow of air from one zone to the next.

The first zone is the water bath zone. The primary function of this zone is to
quickly bring the product temperature up to approximately 90°F. The temperature
increase is accomplished by spraying warm water on the product as it passes through
the zone. The second half of this zone is an area in which water on the product surface
is allowed to evaporate and drip off the product. The drying of the product surface is
important because water droplets on the surface of the product will adversely effect the

final surface color and quality of the product.

The next zone is called the smoke zone. The main function of this zone is to give
the product its smoked flavor. The smoke is produced by burning wood chips and then
entraining the resulting smoke into the main air flow for this zone. The smoke then

diffuses through the surface of the product and into the meat.

The next zone, called the drying zone, is probably the most important zone as far
as final product characteristics are concerned. The product undergoes both physical
and chemical changes during processing in this zone. The first and most obvious
function of this zone is to dry the product which brings the product to the proper weight
as specified on the consumer package. But equally important, the drying process also
brings meat proteins to the product surface. As these proteins accumulate at the prod-

uct surface they form what is called the hide. The formation and firmness of this hide



is important in producing what is referred to as the “bite” of the product. These pro-
teins also react with the smoke that has diffused into the product from the previous zone
to give the product its color. If the product is over-dried it will be under-weight and
dark in color. If the product is under-dried it will have a non-uniform surface color and

will therefore fail to meet quality requirements.

The next two zones which are the dry cook zone and the final cook zone, basically
just cook the product. In the final cook zone the product core temperature must reach at

least 155°F to satisfy government health and safety regulations.

The last two zones are chilling zones. Their main function is to quickly reduce the
product temperature to help reduce damages that might occur during packaging, to
prolong shelf life, and to reduce the cooling load on the refrigerators where the product
is stored. Initially the product temperature is reduced with a water spray which is
located in the transition zone that lies between the final cook zone and the first chill
zone. Further cooling is accomplished by spraying the product with a chilled salt brine

as the product continues through the two chill zones.

L3 A Detailed Description of a Typical Cooking Zone

The term baking is defined by the COST 91 terminology as, “cooking of food in
an oven in air to which water vapor may or may not be added” [2]. Thus cooking

involves both heat and mass transfer.



The majority of the baking process occurs in the smoke, drying, dry-cook, and
final cook zones. These zones, see Fig. 1.2, are all very similar in design and are
referred to as convection ovens. Convection ovens have four basic process parameters:
oven design, air temperature, velocity, and humidity. Oven design refers to the physi-
cal shape of the oven and how it relates to the air distribution and flow patterns that

develop inside the oven.

r-—»Exhaust Air
Mg
/ Warm Supply Air - - \\\\ N\
(Tl — |

- (Cool Return Air

Steam Coil
for Heating

Figure 1.2 Convection Oven Cross Section



Each of the baking zones contains a steam heating coil and a steam injector. The
steam coil provides a means of heating the oven air, while the steam injector is used to
humidify the air. There is an exhaust duct and a fresh air duct which are used to further
control air temperature and humidity in the oven. There is no means of controlling the

conditions in the transition zones other than the flow of air from adjacent zones.

Air is supplied to the top of the zone and passes through a row of diffusers. The
warm air then flows down past the product to the bottom of the zone where it is re-
turned to the top of the zone. Such an air flow pattern can lead to variations in the free
stream conditions from the top of the zone to the bottom of the zone. The top to bottom
variation is a function of how full the zone is with product. The more full the zone is,
the greater the top to bottom variation. For example, with the zone almost full, the free
stream dry bulb temperature can differ from top to bottom by as much as 25°F. Itis
important to realize that this variation is indeed real and that it is not due to the zone

control but rather a condition that arises due to the heat transfer to the product.

The water bath and chill zones are physically similar to the baking zones except
instead of air ducts there are headers located at the top and middle of the zone. These
headers have nozzles that spray the product with water or brine as the product passes

through the zone. The water or brine is then collected at the bottom of the zone.

Each zone is equipped with sensors that keep track of the dry bulb temperature, the
wet bulb temperature, fan speed, control valve positions, and exhaust and fresh air
damper positions. The set point temperatures for each zone can be programmed into a
controller. The controller maintains the zone temperatures at these set points with a

dead band of plus or minus 1°F. The wet bulb temperature is controlled, for all zones,
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at the bottom or return of the zone. The dry bulb temperature is controlled from the top
of the smoke and drying zones, but from the bottom of the dry cook and final cook

zones. See Fig. 1.1 for approximate temperature sensor locations.

L4 Temperature Profile of Cooking Process

Now that a physical description of the hot dog process has been presented, it is
time to look at the temperature history of a product as it is cooked. Fig. 1.3 is a graph
of the local dry bulb, wet bulb, and product temperature as functions of time. The
temperatures are plotted as functions of time because the temperature probes record and
store temperature data as a function of time. The time scale shown on Fig. 1.3 can be
related to the location of the probes within the process at any particular time by refer-
ring back to Fig. 1.1. For example, at time t = 18.0 min. the temperature probes are at
the bottom of the second pass in the smoke zone. The method of correlating the time to
the approximate probe location is not always accurate because sometimes the convey-
ance chain is stopped due to a processing problem with the cooking equipment. Even
though the chain is stopped, the temperature probes keep recording temperatures as a
function of time. Therefore, if the delay is long, the elapsed time will no longer agree

to the probe position within the process.

The important characteristics of Fig. 1.3 need to be discussed. First the graph
shows that there is quite a large variation in the dry bulb temperature from the top of
the zone to the bottom of the zone. The variation in dry bulb temperature is caused by

the heat transfer from the air as it flows past the product. The wet bulb temperature, on
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the other hand, remains constant throughout the zone. The other important characteris-
tic of Fig. 1.3 is that in the smoke zone and first half of the drying zone the product
tends to follow the wet bulb temperature, which indicates a large rate of mass transfer.
Then about 33 minutes into the cooking process the product breaks away from the wet
bulb and begins to follow the dry bulb temperature. The cause for this break away, or
change in thermal behavior, is linked to the formation of a hide at the product surface.
The hide, it is believed, reduces the rate of mass transfer from the product and therefore

changes the boundary conditions at the surface of the product.

200
175
150
125
100 .

75

50

Temperature (°F)

----- Wet Bulb A
25 F | —— Product 7

O b
0 12 24 36 48 60 72 84

Time (Min.)

Figure 1.3 Process Temperature Profile

The importance of these two observations is that there are two distinct realms of

thermal behavior for the hot dog. In the beginning of the process, before the hide
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forms, the mass transfer rate from the product will be high and it will be important to
include it in the model. Once the hide has formed, the mass transfer rate from the
product will be greatly reduced and it will no longer be necessary to include mass
transfer in the model. There is a period of time between these two limits during which
time the hide is forming and the mass transfer rate from the product is decreasing.

Modeling of this zone lies somewhere between the two limits.

LS Organization

Chapter II discusses the methods used to model the heat and mass transfer from
the product surface and the finite-difference equations for transient conduction within

the product.

Chapter III describes the design and results of experiments used to estimate the
heat transfer coefficient in the baking zones of the cooking process, including a discus-
sion of the uncertainty involved in measuring the heat transfer coefficient. The chapter
concludes with a discussion of existing correlations for flow over surfaces which are
used to estimate the heat transfer coefficient based on the average air velocity within

the zone.

Chapter IV discusses two methods used to model the top to bottom variation in the
dry bulb temperature for the zone. The first method involves using a sensible heat
exchanger model to predict the exiting free stream dry bulb temperature for those zones
where mass transfer from the product is negligible. The second method involves usin g

a cooling tower model to predict the exiting free stream dry bulb temperature for those



zones where the mass transfer from the product is significant.

Chapter V compares the predicted results from the simulation program to actual

data collected on the cooking process.

11



Chapter I1

Development of the Product Model

Modeling of the product can be broken down into two main parts. The first part of
the model accounts for the heat transfer at the surface of the product and conduction
within the product. The second part of the model accounts for the mass transfer at the
surface of the product and mass diffusion within the product. Although the heat and
mass transfer are coupled to each other, they will be discussed separately. First a heat
transfer model will be developed neglecting mass transfer, then the model will be

modified to account for mass transfer at the surface of the product.

II.1 Transient Conduction Within the Product

The heat transfer model is developed in steps. First the governing partial differen-
tial equation is presented. Then various assumptions are made such that the governing
equation is reduced to a transient one dimensional radial conduction problem with
constant properties. Next the analytical solution is presented. And finally a finite-

difference solution, which can later be modified to include mass transfer, is discussed.
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I1.1-1 Governing Partial Differential Equation

The first step in modeling transient conduction within the product is to select the
appropriate coordinate system suited for the geometry of the product. The product, a
hot dog in this case, can most easily be represented in cylindrical coordinates. Perform-

ing an energy balance on the control volume shown in Fig. 2.1 results in Eqn. 2.1-1.

Qg+ap
9r+ar
Figure 2.1 Control Volume in Cylindrical Coordinates [3]
Estore = Em - Eout + Egcn (2.1-1)

where:
Ejx = Rate of energy conducted into the control volume
Eou = Rate of energy conducted out of the control volume

Egen = Rate of energy generation within the control volume

Esiore = Rate of energy storage within the control volume
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Substituting the appropriate rate equations into Eqn. 2.1-1 and taking the limit as
Az, Ar, and A@ vanish results in the governing partial differential equation for transient

conduction within a cylinder.

pCor=La{e3g+ ,2r( D A @12

where:
p = Mass density
k = Thermal conductivity
C = Specific heat |
T = Temperature
t = Time

g” = Energy generation rate per unit volume

IL1-2 Simplifying Assumptions

Three assumptions regarding conduction within a hot dog can be made which will

allow for the simplification of Eqn. 2.1-2.

The first assumption is that the radial temperature gradients are much greater than
the axial or circumferential temperature gradients. This implies that end effects are
negligible, the heat transfer coefficient is uniform around the product surface, and the
material properties are spatially uniform throughout the product. The governing partial
differential equation can then be reduced to a one dimensional transient conduction

problem in the radial direction.
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The physical, chemical, and thermal changes that occur during cooking can have
effects on the properties that influence the heat and mass transfer in the product. Ther-
mal conductivity and specific heat can be temperature dependent. Such things as fat
liquefaction, protein denaturation, and the phase change of water within the product can
influence the specific heat, density, and thermal conductivity of the product [2,4]. The
evaporation of water from the product can cause the physical size, shape, and density of
the product to change. As water evaporates from the product surface, a concentration
gradient is produced within the product causing water to diffuse to the product surface.
As water diffuses to the surface it can bring with it proteins and fats which may affect

the rate of mass transfer at the surface.

These are just a few of the many chemical, physical, and thermal changes that can
occur during the cooking process, and their potential effects on the heat and mass
transfer from the product. It would be extremely difficult, if not impossible, to accu-
rately model all of these factors and properly account for their influence on the material
properties of the product. Therefore, as a simplifying assumption, the effects that
physical, chemical, and thermal changes have on the material properties of the product
will be neglected. The material properties of the product can therefore be assumed to

remain constant throughout the cooking process.

The final assumption is that there is no energy generation within the product.
Although an energy generation term might be included to model the melting of fats or

the freezing of water, these phase changes will be neglected.

With these three main assumptions the governing partial differential equation for

transient conduction within a cylinder reduces to



16

oT _, 0°T  oT 213
Cﬁt"k&T+?§ (2.1-3)

In summary, Eqn. 2.1-3 represents one dimensional transient conduction within
the product. The assumptions that are built into Eqn. 2.1-3 are that the radial tempera-
ture gradient is much larger than the axial or circumferential gradients, the material
properties of the product remain constant throughout the cooking process, and that there

is no energy generation within the product.

IL1-3 Boundary and Initial Conditions Defined

To solve Eqn. 2.1-3 for the temperature distribution within the product, it is neces-
sary to define the physical conditions at the surface of the product and the temperature
distribution within the product at the initial time. At the surface of the product there
can be heat transfer due to convection and radiation. It will be assumed that the heat
transfer due to radiation is negligible as each individual product will tend to “see” only
other products at approximately the same temperature. Therefore the only heat transfer
that occurs at the surface of the product is due to convection. The other boundary
condition is that the temperature at the center of the product is finite. The initial condi-
tion is that the product is at some uniform temperature at time zero. The two boundary
conditions and the initial condition can be represented by Eqn. 2.1-4, Eqn. 2.1-5, and
Eqn. 2.1-6 respectively.
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B.C. (%})r e %[T.., - T(R9] (2.1-4)

B.C. T(0,t)<eo 2.1-5)

IC. TrO)=T; (2.1-6)
where:

h = Convective heat transfer coefficient
T.. = Free stream temperature
R = Outer radius of cylinder

T; = Initial temperature of cylinder

IL.1-4 Analytical Solution

Eqn. 2.1-3 through Eqn. 2.1-6 can be solved analytically for the transient tempera-

ture distribution within the product. The solution is represented by Eqn. 2.1-7 through
Eqn. 2.1-10.

Ty -Te Jo(Aq1) Expl-ad2y) ]
LC. Tr0)= T =2Bi [RP + BET,0.R (2.1-7)
n=1
AR = BiJg{A.R) (2.1-8)
1(AR)
Bi= hR

=k (2.1-9)
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=K 2.1-10)
o 5C (
where:
Bi = Biot number
o. = Thermal Diffusivity
Jo = Bessel function of first kind of order zero
J1 = Bessel function of first kind of order one

A = Eigenvalue

The evaluation of Eqn. 2.1-7 involves finding the eigenvalues which satisfy the
eigenfunction given by Eqn. 2.1-8. Although Eqn. 2.1-7 is not difficult to use it does
not readily lend itself to modifications for variable free stream temperatures. Therefore
a finite-difference solution of Eqn. 2.1-3 through Eqn. 2.1-6 will be developed under
the same assumptions as the exact solution. The finite-difference solution can then be
modified to account for a variable free stream temperature and mass transfer at the

surface.

IL1-5 Finite-Difference Approximation

The finite-difference representation of Eqn. 2.1-3, for the interior node shown in
Fig. 2.2, will be developed using Taylor series expansion to approximate the partial
derivative terms. The spacial derivatives are approximated by the central differences

represented by Eqn. 2.1-11 and Eqn. 2.1-12.
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Figure 2.2 Interior Node for Finite-Difference Approximation

oT _Tp, -T2, 2 )
=Ll oAy 2.1-11)
T _Tp,, -2Th+ T 2
S nl 4 O(AD 2.1-12)
where:

p = Index used to indicate time
n = Index used to indicate node position within product

O = Order of magnitude of error due to neglecting higher order terms

A forward difference approximation, represented by Eqn. 2.1-13, is used to ap-

proximate the time derivative.

oT TPH.TP
§?=-H_At—_n+ O(AY (2.1-13)
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Substituting Eqn. 2.1-11, Eqn. 2.1-12, and Eqn. 2.1-13, neglecting higher order

terms, into Eqn. 2.1-3 and solving for the temperature of node n at time p+1 results in

— lgz(x:t T8, - 2A'Ir22 + 'Ig-l} . rﬂ%} +TR 2.1-14)

Eqn. 2.1-14 is explicit because the unknown temperature at node n and time p+1 is

determined exclusively by known node temperatures at time p. Solving for the un-
known node temperature is therefore straight forward. The temperature of all the
interior nodes are known at time zero and therefore Eqn. 2.1-14 can be applied to each
interior node to find its temperature at time p+1. The temperature distribution can then

be determined by “marching” through time at intervals of At.

The solution represented by Eqn. 2.1-14 is still incomplete as the conditions at the
surface and center of the product have not been included. To account for the boundary
condition at the surface of the product it is necessary to perform an energy balance,

represented by Eqn. 2.1-15, on the surface node shown in Fig. 2.3.

Egiore = Geonv,in + Qcond,in (2.1-15)

The rate of energy transfer due to conduction can be calculated by Fourier's Law

shown in Eqn. 2.1-16.

Qeond = -kAN-l(%T) 2.1-16)
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where:

An.1 = Surface area of the plane midway between node N and N-1

Figure 2.3 Surface Node for Finite-Difference Approximation

The rate of energy transfer due to convection at the product surface can be calcu-

lated by Newton's Law of cooling shown below.
Qeonv = hANT.. - Tn) (2.1-17)

where:

Ay = Surface area of product

Substituting Fourier's Law, Newton's Law of Cooling, and a mathematical expres-

sion for the rate of energy storage into Eqn. 2.1-15, results in
pVNC%—'f =hANT..- TN} - kAN-%r (2.1-18)

where:

VN = Volume of Surface Node N
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To achieve the same order of accuracy for the surface node as for the interior
nodes, it is necessary to use a backward difference that involves the nodes N, N-1, and

N-2. The spacial derivative is then represented by

T _ TX,- 4T}, + 3Ty 2 3
LS Sl 2 +O{AD (2.1-19)

Substituting Eqn. 2.1-13 and Eqn. 2.1-19, neglecting higher order terms, into Eqn.

2.1-18 and solving for the temperature of node N at time p+1 results in

= = p‘c%;[h ANT..- T8) - kA Tha- 45;1 M 31%)] + T8, (2.1-20)

To account for the boundary conditions at the center of the product it is necessary

to perform an energy balance, represented by Eqn. 2.1-21, on the center node shown in

Fig.24.

Estore = -Qcond,out (2-1‘21)

Figure 2.4 Center Node for Finite-Difference Approximation
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Substituting Fourier's Law and a mathematical expression for the energy storage

within the center node into Eqn. 2.1-21, results in

pCVl%'{- = kAgTT (2.1-22)

Again, to achieve the same order of accuracy for the center node as for the surface
and interior nodes, it is necessary to use a forward difference approximation of the
spacial derivative that involves nodes 1, 2, and 3 which is represented by

T _ (3T +4T5 - TS) )
= S + oy (2.1-23)

Substituting Eqn. 2.1-13 and Eqn. 2.1-23, neglecting higher order terms, into Eqn.

2.1-22 and solving for the temperature of node 1 at time p+1 results in

= & kAl( +T (2.1-24)

a1+ 413 8)
pCVy

2Ar J

Eqn. 2.1-14, Eqn. 2.1-20, and Eqn. 2.1-24 combine to form a system of finite-
difference equations that can be solved for the transient temperature profiles within the

product.

IL2 Product Model Modified for Mass Transfer

Mass transfer is a rather complicated subject, therefore a detailed discussion of the

model modifications which account for mass transfer at the surface will be presented.
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The goal of this section is to develop a method for calculating the mass transfer from
the product surface based on the heat transfer results. The general approach will be to
present the governing equations and then, through the use of various approximations

and assumptions, simplify these equations to achieve the desired form of the solution.

IL.2-1 Boundary Layer Assumptions

Fluid flow over the product is a very complicated problem. But through the use of
boundary layer theory, the problem can be greatly simplified. Prandtl discovered that
for most applications the influence of viscosity is confined to an extremely thin region
next to the body surface [S]. In general, the flow of air over the product can be repre-
sented by Fig. 2.5.

Boundary
Layer

==

Figure 2.5 Fluid Flow Over a Hot Dog (Not to Scale)

The basic assumption of boundary layer theory is that there is a thin layer of fluid
immediately adjacent to the body surface and the velocity at the surface is zero. The
hydrodynamic boundary layer is defined as the region in which the fluid velocity
changes from its free stream value to zero at the body surface [5]. The concept of a

boundary layer can be expanded to include heat and mass transfer. The thermal bound-
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ary layer is defined as the region in which the fluid temperature changes from its free
stream value to the temperature at the body surface. The concentration boundary layer
is defined as the region where the fluid mass concentration changes from its free stream
value to the value at the body surface. The simplifications brought about by the con-
cept of a boundary layer is that the boundary layer lends itself to a relatively simple

analysis by the very fact of its thinness relative to the dimensions of the body.

Boundary layer theory therefore allows for the modeling of flow over the curved
surface of the product to be approximated by flow over a flat plate. Fig. 2.6 shows the
assumed product geometry and coordinate system which will be used throughout the

rest of the mass transfer derivation.

yv

Hot Dog Surface

Figure 2.6 Boundary Layer Flow Over a Flat Plate

I1.2-2 Mass Flux at the Product Surface

Initially the product surface can be considered totally wet. That is, enough water
diffuses to the product surface such that the air above the product surface can be con-

sidered saturated. Fig. 2.7 represents the mass flux that is occurring across the product
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surface and the water supplied from underneath from the product.

The O state is defined as a surface an infinitesimal distance inside the boundary
layer where the water is in the vapor state [5]. The T surface is used as a reference state
for both energy and mass transfer and can be thought of as a surface a finite distance
inside the product where there are no gradients in either concentration or temperature
[S]. Therefore, all mass and energy transferred across the T surface is due to the flow
of fluid across the surface. It is convenient to define a reference concentration of the

water within the product, m, 1, in terms of the total mass flux, m.

y
” I I
l |
oO—-— - ————— — I | o m
:\\\\\f\\\\\\\\\wx\\\\ 0 My My,
T — — —_ _— =
mw,Tr'n”

Figure 2.7 Mass Flux of Water From the Product Surface

The mass flux across the liquid-vapor interface involves two terms. The first term,
my,om , is the mass flux of water vapor from the product. It is written as the product of
the total mass flux, m , and the mass concentration of water at the 0 surface, my, 9. The

second term, Gyjgr w, represents the mass flux across the liquid-vapor interface due to
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concentration gradients within the boundary layer. The concentration gradient arises
due to the difference in the mass concentration of water at the product surface as com-
pared to the free stream mass concentration. A typical concentration profile within the

boundary layer is pictured in Fig. 2.7.

Performing a mass balance for water on the control volume shown in Fig. 2.7

results in

n'lw,Tﬁ'l” = mw,Orh" + Gaiftw (2.2-1)

where:
my, = Mass concentration of water in air (kgy/kgmix)
m = Total mass flux from product surface

Guifrw = Rate of mass transfer of water due to diffusion within the boundary layer

Since water is the only substance being transferred from the product surface, the
two mass flux terms on the right hand side of Eqn. 2.2-1 must add to equal the total
mass flux of water from the product. Therefore the reference mass concentration of

water at the T surface, my, T, must equal 1.

The rate of mass flux due to diffusion can be calculated using Fick's Law, given by
Eqn. 2.2-2. Fick's Law is exact for mass diffusion of a binary mixture in the absence of

other potential gradients [5].

Guaiffw = [—pl)w(a—an%]] (2.2-2)
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where:
Dy = Mass diffusivity of water in air

my, = Mass concentration of water

Substituting Eqn. 2.2-2 into Eqn. 2.2-1 and solving for the net mass flux from the

product surface results in

m = [?Ew(%)ﬂ (2.2-3)

My,,0 - My, T
where thy, T equals unity.

Eqn. 2-2.3 could be used to calculate the mass flux from the product if the mass
concentration gradient at the product surface were known. The concentration gradient
at the product surface can be determined by solving the system of differential equations

for the boundary layer represented by Eqn. 2.2-4, Eqn. 2.2-5, and Eqn. 2.2-6.

Continuity Equation:
9 (ou) + 2{pv) =0 (2.2-4)
ox 3;( )

Momentum Equation:

+9p _
ax =+ pv ay a—( +5-=0 (2.2-5)



Mass Diffusion Equation:

omy, dmy, 0 omy)| _
PUox TPV Sy 5y PPy =0

where:
u = Velocity component in the x-direction
v = Velocity component in the y-direction

p = Pressure

29

(2.2-6)

Eqn. 2.2-4, Eqn. 2.2-5, and Eqn. 2.2-6 have been simplified by the normal assump-

tions of boundary layer theory. The mass diffusion equation has been simplified for

diffusion of an inert substance which, for small concentrations, is a valid assumption

for diffusion of water in air [5].

IL2-3 Energy Flux at the Product Surface

Fig. 2.8 represents the energy flux that is occurring at the 0 surface inside the

boundary layer and the energy flux across the reference surface T. In the energy bal-

ance it is necessary to consider both the air and water in the boundary layer because air

diffuses toward the product surface and water diffuses away from the product surface.
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Figure 2.8 Energy Flux From Product Surface

The energy flux across the control surface at state 0, which is located in the bound-
ary layer, involves three terms. The first term, m iy, represents the energy flux at the 0
surface. It can be written as the product of the total mass flux, m, and the mixture
enthalpy at the O surface, iyp. The second term, (-k%—)o, represents the energy flux due
to conduction of energy to the boundary layer at the product surface. The third term,
Z [Gaitt jijJo, represents the energy flux due to the mass flux caused by the concentra-
tijon gradients within the boundary layer. A typical temperature profile within the
thermal boundary layer is shown in Fig. 2.8.

The L state is defined at a surface an infinitesimal distance inside the liquid side of
the liquid-vapor interface where all water is in the liquid state [5]. The T state is de-
fined as a surface an finite distance inside the product where there are no concentration

or temperature gradients therefore it can be thought of as an adiabatic surface [5]. Note
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that an adiabatic surface does not need to really exist within the product since the T

state, used in the heat and mass transfer derivations, is a reference state only.

There are two energy fluxes across the L surface. The first term, q, , represents the
energy flux within the solid that is due to conduction only. The second term, m i,
represents the energy flux due to the net mass flux across the L surface, where ip is the

liquid enthalpy.

Eqn. 2.2-7 represents an energy balance on the control volume bounded by the L

and T surfaces shown in Fig. 2.8.

q, = 1(iL - i) 2.2-7)

where:
q'I: = Energy flux within the solid due to conduction only
ir, = Enthalpy of water at the L surface

it = Reference state enthalpy at the T surface
Eqn. 2.2-7 can then be rearranged to define a reference state enthalpy, it, given by

ir=ig - q—5- (2.2-8)
m
Performing an energy balance on the control volume bounded by the 0 and T

surfaces shown in Fig. 2.8, substituting Fick's Law from Eqn. 2.2-2, and solving for the

net mass flux of water from the product surface results in
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k2

(10 i)

5

(2.2-9)

where:

ip = Enthalpy of the air water-vapor mixture at the 0 surface

Once again the mass flux from the product surface could be calculated using Eqn.
2.2-9 if the temperature and concentration gradients at the product surface were known.
To calculate the temperature gradient at the product surface it would again be necessary
to solve the system of boundary layer differential equations except now the energy

equation for the boundary layer, given by Eqn. 2.2-10, must be solved also.

Energy Equation:

dT
e o 25 o022 240

To realize the importance of the surface energy balance, it is necessary to look at

Eqn. 2.2-9 in more detail.

IL.2-4 Lewis Number of Unity Assumption

The first term in the numerator of Eqn. 2.2-9 can be rewritten in a slightly different

form as
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) [cp (CP%;')]D [é ijJg—z)]o 2.2-11)

where:
C, = Specific heat of mixture at constant pressure

Gp,j = Specific heat of component j at constant pressure

Eqn. 2.2-11 represents the conduction of energy within the boundary layer at the 0
state where both water vapor and air are present. G, represents the specific heat of the
mixture which, as shown in Eqn. 2.2-11, can be represented by the weighted sum of the
specific heats of the individual components that make up the gas mixture. For the

binary gas mixture being considered, the two components are air and water.

If water vapor and air are assumed to behave as ideal gases, then the enthalpy

relation shown in Eqn. 2.2-12 can be employed for each component.
dij = Gp;dT (2.2-12)

Substituting Eqn. 2.2-12 into Eqn. 2.2-11 results in

{32

Eqn. 2.2-13 can be substituted back into Eqn. 2.2-9 which results in the modified

mass flux equation represented by

e

2.2-14
- IT ( )
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At this point no simplifications have been made. But for the special case of

-Ck? = pD; for each component in the boundary layer fluid, the two terms in the numera-

tor of Eqn. 2.2-14 could be combined and the energy equation would be greatly simpli-
fied.

The ratio defined by Eqn. 2.2-15 is known as the Lewis number, Le.

Le_pDJ

(2.2-15)
(&)

For air water-vapor mixtures, the Lewis number is approximately unity [5]. As-

suming a Lewis number of unity therefore allows Eqn. 2.2-14 to be rewritten as

[izee-

m’ - lT) (2.2-16)

The numerator of Eqn. 2.2-16 can be further simplified as

di; m; _k di
{mjay ?y—) 25}7(%1J &5 (2.2-17)

where i is the mixture enthalpy.

Substituting Eqn. 2.2-17 back into Eqn. 2.2-16 results in

< Eh

“To-i) (2.2-18)



35

Although Eqn. 2.2-18 is a simplified form of the energy equation, it still does not
allow one to calculate the mass flux without solving the boundary layer equations. The
importance of the Lewis number of unity assumption, which will ultimately eliminate
the need to calculate a gradient at the product surface, comes from applying the Lewis
number of unity approximation to the boundary layer energy equation and comparing
the resulting equation to the mass diffusion equation. These two equations will then
lead to the definition of a mass transfer conductance and a mass transfer driving force

as discussed in the next section.

IL2-5 Mass Transfer Conductance and Driving Force

The boundary layer energy equation, represented by Eqn. 2.2-10, can be simplified

using a Lewis number of unity approximation to yield

di_ 3 9y
pU&- + pVa-;,- - a—y{m) =0 (2‘2"19)

Eqn. 2.2-20 is the boundary layer mass diffusion equation for the water vapor.

om,, omy, 0 omy,) _
qu + pVW- T{pr_aT =0 (2.2-20)

The Lewis number of unity assumption has transformed the energy equation into
the same differential equation as the mass diffusion equation. Both the energy and

mass diffusion equations are therefore represented by
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pule + v ;{ @2-21)

where P =my oriand A = pDy or K as appropriate.

o

Analogous to Eqn. 2.2-3 and Eqn. 2.2-18, the mass flux can be represented by

L

~{Po- Py

(2.2-22)

The general profile of the conserved properties, i or my, in the boundary layer is
shown in Fig 2.7 and Fig. 2.8.

A mass transfer conductance g, given by Eqn. 2.2-23, is defined in terms of the
gradient of the conserved property P, at the surface and the potential difference between

the value of the conserved property P, at the free stream and the surface.

&

g= P, (2.2-23)

Similar to convection heat transfer relations, the mass flux can be related to a

conductance and a potential difference. Solving for the gradient from Eqn. 2.2-23 and

substituting into Eqn. 2.2-22 yields

‘"-g(—)P‘”'PO 22-24
m = Py - Pt (2.2-24)
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The potential is then given by
P.-P

B=-> ° (2.2-25)
Po-Pr

Now that the general form of the mass transfer conductance and mass transfer
driving force have been established it is possible to apply these definitions to previously

derived mass flux equations.

I1.2-6 Simplified Mass Flux Equations

It is assumed that the specific heat of the air water-vapor mixture is the same
everywhere, which is a valid assumption for small mass concentrations. From Eqn.
2.2-24 it is apparent that the mass flux can be written in terms of a mass transfer con-

ductance with enthalpy as the driving force.

” ioo' l0
h =g(. - (2.2-26)
ig - it

The similarity between Eqn. 2.2-21 and the boundary layer energy equation
without mass transfer leads to a relation between the heat transfer coefficient and the

mass transfer conductance, as shown in Eqn. 2.2-27.

h
== 22-27
=& (2.2:27)
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A correction to the mass transfer coefficient can be made for large rates of mass
transfer. If the flow of air over the product is assumed to be turbulent, then for the
transpired, turbulent boundary layer with all fluid properties assumed constant, the

mass transfer coefficient can be calculated using [S].

g= g*[l—nQB’L—B)] (2.2-28)

where g* =1L

Eqn 2.2-26 and Eqn. 2.2-27 could be used to solve for the mass flux from the
product surface without having to solve the boundary layer equations if the value of it
were known. But it, defined by Eqn. 2.2-8, is a function of q'I: which is still unknown.
Therefore it is necessary to refer back to Eqn. 2.2-3. The Lewis number of unity and
the fact that Eqn. 2.2-21 represents both the energy and mass diffusion equations allows
one to write the mass flux in terns of a mass transfer conductance with mass concentra-

tions as the driving force as
4 mw,eo - lnw,O
0 = m) (2.2-29)
where mhy, T equals unity because water is the only substance bein g transferred.

Now that the mass flux from the product can be calculated it is possible to calcu-

late the heat flux to the product.
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11.2-7 Heat Flux to Product

To calculate the temperature profile within the product it is necessary to know how
much of the energy transferred at the product surface is available to change the tem-

perature of the product and how much energy goes into the phase change of water.

In Sec. I1.2-3 the quantity q'I: was defined as the energy flux within the solid that is
due to conduction only. Therefore q;_ is that portion of the total energy flux at the
product surface which is available to cause a sensible change in the product tempera-
ture. To calculate the transient temperature profile within the product it is therefore

necessary to calculate g, .

If Eqn. 2.2-25 is written in terms of enthalpies and solved for ir, then the result is

., de-dg
ir=ig - (2.2-30)

Substituting the definition of ir, represented by Eqn. 2.2-8, into Eqn. 2.2-30 and

solving for q_ , results in

" i“-io)

qp =m (i, - ip + B (2.2-31)

Eqn. 2.2-31 can be further simplified as

.o _fies - g
qp = (i, - ig) + m"( 5 (2.2-32)
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Now if Eqn. 2.2-29 is substituted into the second term in Eqn. 2.2-32 then the

result is
qp, =t (iL - i) + %(-i«» - ig) (2.2-33)

The enthalpy of water vapor can be defined as
iy = C(T - Trep) + iy (2.2-34)

The reference state enthalpy for Eqn. 2.2-34 has been chosen such that the en-
thalpy of liquid water at Trr is zero. If the reference state enthalpy is chosen such that
iw,0 =0 at Tyer = Tp then iy = -igg,0 and i, = CP(T,‘, - To). Substituting these definitions

into Eqn. 2.2-33 results in
qp = h(T.. - To) - m'igg0 (2.2-35)
where m’ can be calculated using Eqn. 2.2-29.

Eqn. 2.2-35 represents the conduction heat flow at the product surface. The finite-
difference equation for the surface node, Eqn. 2.1-20, will have to be modified to

account for the changes in the boundary condition due to mass transfer.

I1.2-8 Surface Node Modified for Mass Transfer

Fig. 2-9 represents the modified boundary conditions at the surface of the product.

Performing an energy balance on the surface node results in
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Estore qr. + 9cond,in (2.2-36)

where q; = q'LAN

Figure 2.9 Surface Node With Mass Transfer

Substituting Eqn. 2.1-16, Eqn. 2.2-35, and a mathematical expression for the rate

of energy storage into Eqn. 2.2-36 results in

pVNC——-- ANH(T.. - TN - g - Aw k{—) 2.2-37)

where ig; N = ifg 0 since node N is at the surface of the product where surface 0 is

defined.

Substituting Eqn. 2.1-13 and Eqn. 2.1-19 into Eqn. 2.2-37 and solving for the

temperature of the node N at time p + 1 yields

(Tp - 4T, + 3TN\\

T‘;l \A}{h(T TPN) m lfg N] kAN AL | /

oV +T8 (2.2-38)

where " is calculated using Eqn. 2.2-29.
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So far the discussion of mass transfer has been limited to the mass flux from the
product surface and nothing has been said about the transfer of water within the prod-
uct. The next section in the chapter will briefly discuss mass diffusion within the

product.

I1.2-9 Mass Diffusion Within the Product

It was assumed in Sec. I1.2-2 that the product surface can be considered to be
totally wet. This assumes that enough water diffuses to the surface of the product such
that the air at the surface is saturated. As mass transfer from the product continues, the
product begins to dry out since there is a finite supply of water within the product and it
takes time for the water to diffuse to the surface from the interior. The mass flux from
the product surface then becomes a function of the rate at which water diffuses to the

product surface.

The ratio of the resistance to mass diffusion within the product to the resistance to
convection of mass across the fluid boundary is referred to as the mass transfer Biot
number [1]. This ratio is analogous to the heat transfer Biot number which is defined as
the ratio of the resistance to conduction within the product to the resistance to convec-
tion of heat across the fluid boundary. The similarity of these two ratios can better be

understood by referring to Eqn. 2.2-39 through Eqn. 2.2-41.

Bi = Reond. (2.2-39)

conv

hR

Biheat = K (2.2-40)
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i . =_hR 2.2-41
Bimass C,pDas ( )

where:

Dag = Mass diffusivity of component A in B

The magnitude of the mass transfer Biot number indicates whether the diffusion of
mass within the product, the convection of mass from the product, or a combination of
both will govern the mass flux from the product. If the Biot number is much less than
one, then the mass flux from the product will be governed by the rate of convection of
mass from the product surface. If the Biot number is much larger than one, then the
mass flux from the product will be governed by the rate of diffusion within the product.
If the Biot number is approximately equal to one, then the rate of convection of mass
from the product surface is approximately equal to the rate of diffusion of mass within
the product. The mass transfer Biot number for water in meat is on the order of magni-
tude of 100. Therefore, the mass flux from the product will be limited by the rate of

diffusion of mass to the product surface.

The calculation of the mass diffusion within the product involves solving the
equation of continuity for water within the product, represented by
1 Omy _0°my . 1 0m,

D= Lo (2.2-42)

where Dy, hq = Mass diffusivity of water in hot dog meat

Eqn. 2.2-42 has been simplified for constant mass density and diffusivity. The

important thing to note about Eqn. 2.2-42 is its similarity to Eqn. 2.1-3. The similarity



44

between these two equations indicates that the transient mass diffusion equation can be

solved in the same manner as the transient conduction equation.

Even though Eqn. 2.2-42 can be solve in a similar manner to Eqn. 2.1-3, the
solution of mass diffusion within the product is beyond the scope of this first study of
heat and mass transfer from the product. It would be necessary to modify the product
model to include mass diffusion within the product. The modification would involve
calculating the humidity ratio of the air at the product surface rather than assuming the
air is saturated. But more importantly, when mass diffusion within the product is
included, it will introduce concentration variations within the product which will lead to
the need to include variable properties. Therefore the model of the product will ignore
mass diffusion within the product and it will be assumed that the only mass transfer is
from a “wetted” product surface. The validity of this assumption will be tested by
comparison of the results from simulations using the product model with data collected

from actual experiments.

I1.2-10 Mass Transfer Model Modified for Hide Formation

Even though mass diffusion within the product will be ignored, the effects of mass
diffusion on the surface conditions of the product can not be ignored. As has been
stated previously, as the product cooks the rate of mass transfer from the product is
greatly reduced. In particular, the smoke and drying zones have a relatively high rate of
mass transfer when compared to the rate of mass transfer in the dry-cook and final cook
zones. Therefore as a first approximation to modeling the change in the mass transfer

characteristics of the product it will be assumed that either there is mass transfer from a
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“wetted” product surface or that there is no mass transfer from the product. The mass
transfer model will therefore be “toggled” on or off for a zone depending on whether or

not mass transfer from the product will or will not be considered.

For the smoke and drying zones it will be assumed that the product is wet and that
mass transfer is important therefore the model of the product will be applied as it has
been developed. That is the product model will consider both heat and mass transfer in

these two zones.

For the dry-cook and final cook zones where the rate of mass transfer is not as
high as in the first two zones, the model will neglect mass transfer from the product and
only consider heat transfer. The modification to the product model is simply to set the
mass transfer driving force, B, equal to zero when the driving force, B, is greater than
zero since evaporation from the product is no longer considered. It is important to
realize that by setting B = 0 only when B > 0, allows the product model to account for
the heat transfer due to condensation, B < 0, of water on the product surface for those
situations when the product enters either of these zones below the dew point tempera-

ture.



Chapter II1

Heat Transfer Coefficients for Food
Processing

The heat transfer coefficient is used to model both the heat and mass transfer from
the product surface. This chapter will discuss the experiments used to measure the heat
transfer coefficient for the baking zones of the hot dog process. The measured data will
then be compared to correlations from literature. The goal will be to develop a means
of estimating the heat transfer coefficient from known correlations for flow over sur-

faces.

IIL1 Designing the Heat Transfer Coefficient Experiment

The heat transfer coefficient is a very important parameter used to model both the
heat and mass transfer from the product. To establish the value of the heat transfer
coefficient for each baking zone it was necessary to run experiments on the cooking
process. This section will discuss the design of the experiment and a preliminary

experiment used to validate the experimental method.

46
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IIL.1-1 Experiment Design

The heat transfer coefficient experiment focuses on the heat transfer associated
with cooking by eliminating the need to consider mass transfer. A solid metal hot dog
is passed through the cooking process. The data collected using the metal hot dog can

then be analyzed to establish the convective heat transfer coefficient.

The heat transfer coefficient experiments use the lumped capacitance method. The
essence of the lumped capacitance method is the assumption that the temperature of the
solid is spatially uniform at any instant during the transient process [3]. This assump-

tion implies that the temperature gradients within the solid are negligible.

Figure 3.1 Solid Used in Lumped Capacitance Analysis

To analyze a solid that can be modeled using the lumped capacitance method, it is
necessary to perform an energy balance on the solid. The energy balance will relate the
rate of heat transfer at the solid surface to the rate of energy storage within the solid [3].

Performing an energy balance on the control volume pictured in Fig. 3.1 results in Eqn.

3.1-1.
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E:storo: =(conv,in + Grad,in (3.1-1)

The rate of energy transfer at the solid surface due to radiation can be calculated

using
Grad = E0ATE; - T¢) (3.1-2)

where:
€ = Emissivity of solid surface
o = Stefan-Boltzmann constant

Thq = Surface temperature of the surrounding product (hot dog)
A, = Surface area of lumped solid

T = Temperature of lumped solid

The rate of energy transfer at the solid surface due to convection can be calculated

using
Qeonv = hAS(Teo - T) (3.1-3)

Substituting Eqn. 3.1-2, Eqn. 3.1-3, and a mathematical expression for the rate of

energy storage into Eqn. 3.1-1 results in
pVCa% =hA((T..- T) + aoAs("Iﬁd - T4) (3.1-4)
Eqn. 3.1-4 can then be solved for the convective heat transfer coefficient as

PVC%—T- e0A((Thy - TY)
h= ! 3.1-5)
AT.-T) .
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The convective heat transfer coefficient can then be measured through experimen-
tation. For a particular solid the volume, mass density, surface area, and specific heat
can be determined. Therefore the only data that needs to be collected is the solid
temperature, free stream temperature, and surrounding product surface temperature as

functions of time.

IIL.1-2 Design Equations for a Lumped Solid

Before data can be collected it is necessary to design a solid that can be used in the
heat transfer coefficient experiment which will satisfy the assumptions of the lumped
capacitance method. The development of the equations used to design the lumped solid
is greatly simplified if radiation from the solid surface is neglected. Therefore radiation
will be ignored while deriving the design equations even though the effects of radiation

are accounted for during the actual experiment.

The basic assumption of the lumped capacitance method has been that the tem-
perature gradients within the solid are negligible. This implies that the resistance to
conduction within the solid is much smaller than the resistance to convection at the
solid surface. The Biot number, defined in Eqn. 3.1-6, is the ratio of the resistance to

conduction to the resistance to convection. *

j=—cond _kJ _hle (3.1-6)
Reony (1% k
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where:

L. = Characteristic length, for a cylinder L =R

If the Biot number is much less than 1, the assumption of negligible internal
temperature gradients is valid. Therefore, one criterion used to design the solid used in
the heat transfer coefficient experiment is that the solid must have physical properties
such that it satisfies Eqn. 3.1-7 over the range of heat transfer coefficients to be mea-

sured.
B, =%<0.1 (.1-7)

The other design criterion is that the solid must have a “reasonable” thermal
response over the time interval that data is collected. For a fixed time interval, thermal
response refers to the magnitude of change in the solid temperature when exposed to a
step change in free stream temperature. If the solid responds too quickly the solid will
reach the free stream temperature almost immediately; therefore there will be very little
time to collect useful data. If on the other hand the solid responds too slowly, the solid
temperature may not change significantly over the time interval for which data is

collected; therefore the heat transfer coefficient can not be calculated.

It may not be a problem in some cooking processes if the solid responds too
slowly, as the time interval for data collection may not be limited. But for the hot dog
cooking process each zone is only twelve minutes long. The length of time to collect
data for any one zone is therefore limited to twelve minutes. It is desirable to design
the solid such that its thermal response is slow enough so that there is ample time to

collect useful data, yet not so slow that the solid temperature does not change during
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the time interval that the solid is in a process zone.

To evaluate how a particular solid will respond thermally when exposed to a step
change in free stream temperature, it is necessary to solve for the transient temperature
of the solid as a function of time. Eqn. 3.1-4 can be rewritten, as shown in Eqn. 3.1-8,
assuming a constant free stream temperature, neglecting radiation, introducing a tem-

perature difference @ = T_ - T, and recognizing that 96/dt = - dT/ot.

100 _ -hA; -
ST Ve (3.1-8)

Separating variables and integrating Eqn. 3.1-8 from the initial condition for which

t=0and 6, =T_ - T, results in

1r{:—.) = %t (3.1-9)

Solving for the temperature ratio of the solid yields

|
XH

-T hA,
5 =Exal i t) (3.1-10)

P
8'-4

If everything on the right hand side of Eqn. 3.1-10 were known, it would be
possible to solve for the temperature ratio 6/0,. The temperature ratio will be a number
between 0 and 1, and serves as an indication of the thermal response of the solid. If 0/6,
= 0 the solid has responded completely and has reached steady-state conditions, T = T..
If 6/6, = 1 the solid has not responded at all thermally and is still at the initial tempera-

ture, T = Tr
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Eqn. 3.1-7 and Eqn. 3.1-10 were used to design a metal hot dog which was used in

the heat transfer coefficient experiment.

For the hot dog process, and in general when possible, it is desirable to design the

solid such that it is the same approximate size and shape as a real product so that the

flow patterns around the solid will be similar to the flow patterns around a real product.

Therefore the surface area of the solid is fixed. It was also assumed that the metal hot

dog would be solid rather than hollow, thus fixing the volume of the metal hot dog.

The other parameter that is fixed is the time interval over which useful data can be

collected. For the hot dog process, each zone is approximately twelve minutes long.

Therefore the metal hot dog was designed such that there was a significant thermal

response over a twelve minute interval.
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Figure 3.2 Design Graph for Aluminum Alloy 2024
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With the surface area, volume, and time interval fixed it was possible to investi-
gate, over a range of predicted heat transfer coefficients, different materials which
might be used for the construction of the metal hot dog. Fig. 3.2 shows the results for

aluminum alloy 2024.

Fig. 3.2 indicates that, for a twelve minute time interval, a solid with the same
physical size and shape as a real hot dog but made of aluminum alloy 2024 will have a
significant thermal response for a heat transfer coefficient in the range of 2.5 to 5.5 Btu/
hr-ft>-°F. The Biot number indicates that the assumption of negligible internal tempera-
ture gradients is valid over this range. It was estimated that the actual heat transfer
coefficients in the convection ovens used in the hot dog process were in this same range

therefore the metal hot dog was constructed using aluminum alloy 2024,

It should be noted that the procedure used to design the aluminum hot dog is only
one of many ways that Eqn. 3.1-7 and Eqn. 3.1-10 can be used to help design the metal
hot dog. It was also assumed that the metal hot dog would be solid. If the desired
thermal response can not be obtained with a solid metal hot dog, it is possible to modify

Eqn. 3.1-7 and Eqn. 3.1-10 to aid with the design of a hollow metal hot dog.

Fig. 3.3 shows the physical design of the aluminum hot dog. Two holes were
drilled at one end to allow for the insertion of a temperature probe, referred to as a Data
Trace, which was used to measure the aluminum hot dog temperature. The eye hooks
at each end are to allow the aluminum hot dog to be tied “in-line” with other hot dogs
on the stick. The aluminum hot dog was coated with high temperature flat-black paint

to prevent oxidation of the surface and to establish a known surface emissivity.
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Figure 3.3 Aluminum Hot Dog Schematic (Not to Scale)

II1.1-3 Uncertainty Analysis

Before Eqn. 3.1-5 can be used to analyze temperature data it is necessary to decide

on a method of approximating the temperature derivative. One possible approximation

is to use Taylor series expansion represented by

oT _ P o o ]
T-T-T" 1ol (3.1-11)

Substituting Eqn. 3.1-11 into Eqn. 3.1-5 neglecting higher order terms, replacing

the product of the volume and density with the mass, and writing the surface area in
terms of measured data results in

MC (TPHZZJPH - eonDL (TR* - )
| (3.1-12)

aDL (T, - T)

h=

where:

D = Diameter of aluminum hot dog
L = Length of aluminum hot dog

M = Mass of aluminum hot dog
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Eqn. 3.1-12 is referred to as the data reduction equation. But before Eqn. 3.1-12
can be used to calculate heat transfer coefficients it is necessary to perform an uncer-
tainty analysis. The uncertainty analysis will give an indication of the error in the
calculated heat transfer coefficient due to errors in the individual measurements used in

the calculation.

Most of the data collection for the heat transfer coefficient experiment is straight
forward. The mass of the aluminum hot dog was obtained using a balance with an
uncertainty 8M = 1 gram. The length and diameter of the aluminum hot dog were
measured with uncertainties of 6D = 1 and 3L = 3 millimeters respectively. The
specific heat of aluminum alloy 2024 was obtained from literature. The resolution of
the reported value indicated an uncertainty in the specific heat equal to 8C = 1 J/kg-K.

The uncertainty of the surface emissivity was estimated to be 3¢ = 0.1.

The acquisition of time-temperature data on the other hand is more difficult. It is
necessary to measure the local free steam temperature, surrounding product surface
temperature, and aluminum hot dog temperature as functions of time. The device used
to measure and record these temperatures must be able to ride along with a stick of
product and withstand the temperature extremes found within the cooking process. A

Data Trace, shown in Fig. 3.4, is such a temperature recorder.
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Figure 3.4 Data Trace Temperature Recorder

The Data Trace is a programmable temperature sensor. It has an internal memory
which is programmed using a personal computer. The computer program is used to
instruct the Data Trace at what time to start recording data and what time interval,
Atime, to use. For example, the Data Trace can be programmed to start reading data at
10:30 a.m. at 6 second intervals (Atime = 6 sec). The time-temperature data are then
stored within the internal memory of the Data Trace. The Data Trace can store up to

1000 time-temperature data points.

When all the desired temperature data have been collected, the data stored within
the Data Trace's internal memory is downloaded using a personal computer. The data

file generated by the Data Trace can then be opened into a Lotus spread sheet.

The error associated with the internal clock of the Data Trace is assumed to be
$0.1 sec. Therefore the uncertainty, 8At, associated with the time interval, At, used in

the approximation of the derivative of the aluminum hot dog temperature is 0.2 sec.
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The uncertainty for the temperature measurement was estimated by placing three
Data Traces into a warm water bath and evaluating the spread of measured values. The

data from the warm water bath experiment is shown in Fig 3.5.
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Figure 3.5 Data Trace Precision Plot

Fig. 3.5 indicates that the three Data Traces read to within 1°F of each other.
Therefore the uncertainty in the temperature measurement, 8T, is approximately
0.56°C. The uncertainty for the temperature change of the aluminum hot dog, 8AT, on
the other hand is estimated by evaluating the magnitude of the noise in the temperature
measurement of an individual data trance. The noise in the temperature reading is

estimated to be $0.2°F. Therefore the uncertainty SAT is equal to 0.22°C.
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Table 3.1 is a summary of the estimated uncertainties for each measured variable

in the experiment.

SM=0.001kg |5C=1.0J/kg-K

oD =0.001 M oL =0.003 M

oe=0.1 O0At = 0.2 Sec.

dT =0.56 °C AT =0.22°C

Table 3.1 Measurement Uncertainties

The uncertainties from Table 3.1 can be substituted into Eqn. 3.1-13 to calculate

the uncertainty in the heat transfer coefficient.

i

2
oh ST“‘ oh SAT 2 (oh SAt 2
+ + [ — (3.1-13)
9T, h | (aAT h ) (8At h)

8_
h

-
aThd h

Notice that there are two time intervals associated with the heat transfer coefficient
experiment. The first time interval, Atime, refers to the time step used by the Data
Trace when recording time-temperature data. The only limitation for selecting the time
step, Atime, is that the Data Trace can not record data faster than one a second. It must

also be keep in mind that the Data Trace can only store 1000 time-temperature datum
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points. Therefore if data are to be collected for the entire 96 minute cooking process,

the smallest time step, Atime, that can be used is 6.0 sec.

The other time interval, At, refers to the time interval used in the finite-difference
approximation of the derivative of the aluminum hot dog temperature. It will be shown
that as the time interval, At, is increased the uncertainty in the calculated heat transfer

coefficient is reduced.

The characteristics of the uncertainty in the heat transfer coefficient were investi-
gated through a preliminary experiment. The preliminary experiment used the alumi-
num hot dog to study natural convection from a horizontal cylinder. Thermocouples
were used to measure the aluminum hot dog temperature and the free stream tempera-
ture. The aluminum hot dog was assumed to radiate to the surroundings which were
assumed to be at the ambient temperature. Data were taken every second for a half
hour, Atime = 1.0 sec. Fig. 3.6 shows the results of analyzing the free convection data
using a time interval, At, for the derivative of the aluminum hot dog temperature term

of 1.0 second.
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Figure 3.6 Natural Convection Heat Transfer Coefficient

Fig. 3.6 shows that there is such a large error in the heat transfer coefficient that

the results are very inaccurate.

The large error associated with the heat transfer coefficient calculation is a result
of the behavior of the error in the heat transfer coefficient with respect to the tempera-
ture change of the aluminum hot dog. Notice that the free convection data were col-
lected using a 1 second time step, Atime = 1.0 sec. Notice also that when the data were
analyzed using a 1 second interval, At = 1.0 sec, the change in the aluminum hot dog
temperature, AT, is on the same order of magnitude as the uncertainty in the change of
the aluminum hot dog temperature, SAT. Therefore the error in the calculated heat

transfer coefficient is large. The behavior of the error in the heat transfer coefficient,
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dh/h, with respect to the error in the change of the aluminum hot dog temperature,

S8AT/AT, is shown in Fig. 3.7.
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Figure 3.7 Error in Heat Transfer Coefficient

Notice that when there is a large change in the aluminum hot dog temperature, AT,
over the time interval, At, then the error in the heat transfer coefficient is small. As the
aluminum hot dog reaches steady-state and the change in the aluminum hot dog tem-
perature, AT, approaches zero over the time interval, At, the error in the heat transfer
coefficient becomes large. Therefore it is advantageous to select a time interval, At, for
the approximation of the derivative of the aluminum hot dog temperature such that

there is a relatively large change in the aluminum hot dog temperature over that time

interval At.
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Notice that there is a penalty for selecting a large time increment, At. The penalty
is that as At is made larger the resultant heat transfer coefficient no longer applies to the

immediate neighborhood for which it was calculated.

To understand the importance of this point it is necessary to think in terms of data
collection in one of the zones in the cooking process. As the time increment, At, is
increased the temperature data used to calculate the derivative of the aluminum hot dog
temperature encompasses a larger physical portion of the zone. What this means is that
if data were analyzed at a time increment of At = 30.0 sec. then the derivative of the
aluminum hot dog temperature would involve temperature data recorded 30 seconds to
either side of the point at which the heat transfer coefficient is desired. Since time is
directly related to the position of the aluminum hot dog within the zone, the time
interval At = 30.0 seconds translates into a distance of 2.75 ft. to either side of the point
for which the heat transfer coefficient is calculated. Therefore as the time interval, At,
is increased the calculated heat transfer coefficient becomes less valid for the exact
position within the zone for which it was calculated. What this means is that as the
time increment, At, increases it is more difficult to detect variations in the heat transfer

coefficient due to position within the zone.

Now that the behavior of the uncertainty in the heat transfer coefficient has been
explained it is possible to go back and re-analyze the free convection data using a time
increment large enough to reduce the error associated with the change in the aluminum

hot dog temperature. The results of the new analysis are shown in Fig. 3.8.
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Figure 3.8 Natural Convection Data Re-analyzed

Fig. 3.8 indicates that when a larger time interval, At, is used the analysis proce-
dure predicts the heat transfer coefficient for the free convection data with an accept-

able level of error.

IIL2 Process Heat Transfer Coefficient Experiment

The experiment design and data analysis procedure have been presented and
tested. The actual process heat transfer coefficient experiment will now be discussed.

First the data collection procedures and experiment set up will be discussed. The
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experimental results will then be presented and compared to empirical correlations from
literature for flow over a surface. Finally the modeling approached used in the simula-

tion program will be discussed.

ITLL2-1 Heat Transfer Coefficient Data Acquisition

Four different Data Traces were used during the heat transfer coefficient experi-
ment. One was used to measure and record the local dry bulb temperature. A second
measured and recorded the local wet bulb temperature. A third Data Trace was used to
measure and record the aluminum hot dog temperature. And finally a fourth Data
Trace was used to measure and record the surface temperature of a neighboring hot

dog.

The local wet bulb temperature, which tends to show a step change from zone to
zone (see Fig. 3.10), was recorded because it provides a useful means of determining
which zone the aluminum hot dog is in when it comes time to analyze the data. Itis
important to know the position of the aluminum hot dog when calculating the heat
transfer coefficient so that possible trends due to variations within the zone can be

determined.

All the Data Traces were programmed to start recording data at the same time
using the same time step, Atime = 6.0 sec. The Data Traces were then brought down to

the cooking process where they were attached to a stick of product as shown in Fig. 3.9.



65

Wet Bulb Sock
and Water Tray Two Thd Tap T

N

AN

Aluminum Hot Dog

Figure 3.9 Stick of Product With Data Traces Attached

When the programmed start time was reached, the test stick of product was loaded
into the cooking process where it rode along with other product during the normal
cooking process. When the Data Traces came out at the end of the cooking process,
approximately 96 minutes later, the data were down loaded into a Lotus spread sheet

file.

Fig 3.10 shows a typical temperature profile generated from the raw data file

produced by the Data Trace.
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Figure 3.10 Raw Data Temperature Profile

Collecting data on a real cooking process posses some problems that warrant
discussion. Because the data are being collected during normal production, there are
problems that arise due to errors that occur during processing. A stick of product might
get jammed in the process, thus causing the conveyance chain to stop. When the chain
stops the Data Trace continues to record time-temperature data. Therefore if the delay
is long, the elapsed time in the Data Trace file will no longer agree to position within
the cooking process. These delays coupled with the fact that the conditions in the zone
are highly dependent on the amount of product within the zone, which is constantly
changing, makes it nearly impossible to obtain duplicate runs where the conditions

from the two runs are exactly the same. The fact that duplicate runs can not be ob-
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tained makes comparing data from different runs to determine trends in the heat transfer

coefficient more difficult.

Despite the problems with measuring data on the cooking process it is still pos-
sible to extract useful information from the experiment. The next section will discuss
the results of the heat transfer coefficient experiment and present the approach used to

model the heat transfer coefficient using empirical correlations from literature.

IIL.2-2 Experimental Results

Several heat transfer coefficient experiments were run on the hot dog process. The
results of these experiments will be presented and compared to heat transfer coeffi-
cients calculated using empirical correlations found in literature for flow over a flat

plate and for a cylinder in cross flow.

The similarity between flow over a flat plate and flow over a hot dog has been
used to model the mass transfer in Sec. IL.2-1. This similarity will be used again to
provide a reference heat transfer coefficient to which the experimentally measured heat
transfer coefficient can be compared. An empirical correlation from literature for flow

over a plate will therefore be applied to flow over the product.

The Reynold's number, based on product length, can be written as

Re, =Yak =22 10¢ (32-1)
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where:
Va, = Average air velocity

v = Kinematic viscosity of air

The value of the Reynold's number indicates that flow over the product is in the
laminar flow regime. Therefore an empirical correlation, shown in Eqn. 3.2-2, for
laminar flow over a flat plate will be applied to the product.

Nu = %-= 0.664 Rel2Pr!B  [5] (3.2-2)
where:

h = Average convective heat transfer coefficient along the plate

Nu = Average Nusselt number

The other extreme for flow over the product would be if the product were consid-
ered to behave like a cylinder in cross flow. Therefore to provide another means of

comparison, an empirical correlation for a cylinder in cross flow will be presented.

The Reynold's number based on product diameter is represented by

Rep = Y22 ~ 30 % 10° (3.2-3)

The value of the Reynold's number once again indicates that the product is in the
laminar flow regime therefore an empirical correlation, shown in Eqn. 3.2-4, for lami-
nar flow over a horizontal cylinder can be used as a reference for flow over the product.

Nu=HD - 0.683 Refj*e6pr1®  [3) (3.2-49)
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As a means of comparison, the values of the heat transfer coefficient calculated
using Eqn. 3.2-2 and Eqn. 3.2-4 will be plotted on the heat transfer coefficient graphs

generated from experimental data.

Fig. 3.11 is a graph of the measured heat transfer coefficient for the smoke zone

calculated from data collected during run B on Aug. 13, 1991.
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Figure 3.11 Heat Transfer Coefficient Plot for Smoke Zone

Fig. 3.11 is typical of the plots of the heat transfer coefficient for the baking zones.
It shows that there is a significant variation in the heat transfer coefficient from the top
of the zone to the bottom of the zone. This variation in the heat transfer coefficient is

difficult to explain and is still not completely understood.
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One possible explanation for the higher heat transfer coefficients at the top of the
zone as compared to the bottom of the zone, might be due to the air flow patterns that
develop as a result of the rows of diffusers at the top of the zone. These diffusers will
tend to produce jets of high velocity air. When these jets of air blow across the product
surface they will cause an increase in the rate of heat transfer from the product surface
which will show up as an increase in the heat transfer coefficient. As the air moves
down the zone and past the product the jets of high velocity air dissipate and the veloc-
ity profile across the zone becomes more uniform. The local velocity at the product
surface will therefore decrease thus lowering the rate of heat transfer from the product

surface which will lead to a decrease in the heat transfer coefficient.

If it is assumed that the flat plate correlation can be used to model the heat transfer
coefficient at the bottom of the zone, which is reasonable as shown in Fig. 3.11, then
the local air velocity at the top of the zone necessary to achieve a heat transfer coeffi-
cient of 5 Btw/hr-f>-°F, which is representative of the measured heat transfer coefficient
at the top of the zone, requires a local air velocity of 26 ft/sec. The increase in the air
velocity requires the diffuser cross sectional area to be approximately 20% of the cross
sectional area of the zone. The actual reduction in cross sectional area is approximately
30%. Therefore the effects that the diffusers have on the local air velocity at the prod-

uct surface may account for part of the variation in the heat transfer coefficient.

Another factor that influences the heat transfer coefficient calculation is the rate of
heat transfer due to radiation to the surroundings. It has been assumed that the alumi-
num hot dog radiates to the surrounding product. When the aluminum hot dog is in the
middle of a zone it “sees” only the surrounding product. But when the aluminum hot

dog reaches the top or bottom of a pass it “sees” the top or bottom surfaces of the zone
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which may be at quite a different temperature then the surrounding product. Therefore
the heat transfer due to radiation calculated using the surrounding product temperature
might not accurately account for the actual radiative heat transfer at these locations.
Also when the aluminum hot dog is on the first or last pass within the zone it “sees” the
walls of the zone which may be at quite a different temperature then the surrounding
product. Since the heat transfer due to radiation is on the same order of magnitude as
the heat transfer due to convection, the surfaces that the aluminum hot dog “sees” and
the amount of energy transfer due to radiation to these surfaces can drastically alter the

measured values of the heat transfer coefficient.

These are just two possible explanations for the variation in the heat transfer
coefficient which is evident in Fig. 3.11. It is beyond the scope of this first approxima-
tion of the heat and mass transfer from the product to model the variation in the heat
transfer coefficient. Therefore it will be assumed that the heat transfer coefficient is
constant within a zone and can be modeled based on the average air velocity within the

zone.

The data collected from six experiments run on three different days were used to
calculate average heat transfer coefficients for the smoke, drying, and final cook zones.
Not all the runs provided useful data on all the zones, and none of the runs provided
data for the dry-cook zone because the aluminum hot dog was at the same approximate
temperature as the free stream. This lead to very large uncertainties in the measured
heat transfer coefficient. The average heat transfer coefficient calculated from the

experimental data is plotted as a function of the average air velocity in Fig. 3.12.
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Figure 3.12 Measured h as a Function of Average Air Velocity

The data were plotted with a label that is used to indicate the date of the experi-

ment, run number, and zone location. The code is explained as shown in Fig 3.13.

la,FC

Z Zone Code

S = Smoke Zone

D = Drying Zone

FC = Final Cook Zone
Run Number

a=run one

b = run two
Experiment Data

1 =July 17, 1991

2 = Aug. 8, 1991

3 =Aug. 13, 1991

Figure 3.13 Average Heat Transfer Coefficient Labeling Code
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Fig. 3.12 shows that there is a large range of variation in the measured heat trans-
fer coefficient as a function of average air velocity. Neither the flat plate correlation
nor the cylinder in cross flow correlation accurately represents the measured data.
Therefore, as a first approximation, a heat transfer coefficient based on an average of
both correlations will be used in the simulation program to predict the zone heat trans-

fer coefficient based on the average air velocity in that zone.

As was stated previously, the heat transfer coefficient does not appear to be con-
stant throughout the zone, but varies from top to bottom. As an approximation an
average value will be used. Itis recommended that future work should be concentrated
on determining first, if the variation in heat transfer coefficient is real or just a result of
experimental procedure, and secondly, modeling the variation in the heat transfer

coefficient if it is indeed real.



Chapter IV

Dry Bulb Temperature Variation Models

In chapter one it was stated that the dry bulb temperature can vary from the top of
the zone to the bottom of the zone by as much as 25°F. The dry bulb temperature
variation arrises due to the heat and mass transfer from the air as it flows down past the
product. It is important to be able to predict the variation in the dry bulb temperature

because it influences the driving forces for both heat and mass transfer.

Chapter four discusses the method used to estimate the dry bulb temperature
variations within a zone. The first part of the chapter discusses the modeling approach
used to estimate the dry bulb temperature variation in the zones where mass transfer is
negligible. The second part of the chapter presents the modeling approach used to
estimate the dry bulb temperature variation in the zones where mass transfer can not be

neglected.

74
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IV.1 Sensible Heat Exchanger Model

In the dry-cook and final cook zones the rate of mass transfer from the product is
reduced due to the hide formation, therefore these two zones were modeled neglecting
mass transfer from the product. The dry bulb temperature variation within the zone can
then be estimated using the effectiveness-NTU method for sensible heat exchanger

analysis.

The flow of product within a baking zone can be thought of as shown in Fig. 4.1.
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Figure 4.1 Hot Dog “Flow” Within a Baking Zone

The flow geometry in Fig. 4.1 is similar to the flow geometry for a 1 shell, 4 tube
pass heat exchanger. The flow of hot dogs is analogous to the fluid flow in the tube
passes and the flow of air is in the shell. Such an analogy allows one to apply the
effectiveness-NTU method of heat exchanger analysis to those zones where mass
transfer is neglected. The general heat exchanger analysis will be presented and then

modified for the special case of hot dog flow in a convection oven.
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IV.1-1 Effectiveness-NTU Heat Exchanger Analysis

Th,out Tc.l'n
A+AA— — —|— — |-
Aq—+=
A_ — — — — f—
oLl 41§
Th.in Tc,out

Figure 4.2 Counter Flow Heat Exchanger

Fig. 4.2 represents the flow geometry and notation for a counter flow heat ex-
changer. An overall energy balance on the heat exchanger relates the energy increase
of the cold fluid to the energy decrease of the hot fluid. Performing the energy balance

results in
l'hhcp.h Thin + Ii](:Cp,cTc.in - mhcp,h Th,out - ri"ccp,cTc,out =0 (4.1-1)

where:
ny, = Mass flow rate of the hot fluid
m = Mass flow rate of the cold fluid
Co.n = Constant pressure specific heat of the hot fluid
Cp,c = Constant pressure specific heat of the cold fluid
Ty = Temperature of the hot fluid

T = Temperature of the cold fluid
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Eqn. 4.1-1 can be rewritten, assuming constant specific heats, as

IilhC];;,h(Th,in - Th,out) = Ii'1(:Cp,c(Tc,out - Tc.in) (4.1-2)

If an energy balance for the hot fluid is performed on the control volume shown in

Fig. 4.2 then the result is
(t0,.Cpn Th)a - (104 Cph Th)a+aa - Aq =0 (4.1-3)

where:

q = Heat transfer from the hot fluid to the cold fluid

The mechanism equation from heat transfer allows Aq to be rewritten as
Aq =UAAT; - T,) (4.1-4)

where
U = Overall heat transfer coefficient

AA = Surface area available for heat transfer
Substituting Eqn. 4.1-4 into Eqn. 4.1-3 and dividing by AA yields

rme.h[(T")A*’ZAA' "T")A]=—U(Th -T) (4.1-5)

Taking the limit of Eqn. 4.1-5 as AA goes to zero results in the following differen-

tial equation for the hot fluid.

i Cpn T = -U(T, - T (4.1-6)
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Performing an energy balance on the cold fluid and going through a similar deriva-

tion as was followed for the hot fluid results in the following differential equation

i Cpore = -UlTy - T (4.1-7)

The governing equations for a sensible heat exchanger can be summarized as
shown below. Eqn. 4.1-8 represents the overall energy balance for the heat exchanger.

Eqn. 4.1-9 and Eqn. 4.1-10 represent the mechanism equations for the hot and cold

fluids respectively.
dTy _ mcCpe dT, 4.1-8
dA  myCyp dA @18
: dT;
myCp ’h-aAl= -U(Th - To) 4.1-9)
e Cpe She-= -U(Ty - T (4.1-10)

Now that the general equations governing the thermal behavior of a heat ex-
changer have been presented it is possible to discuss the effectiveness-NTU method
used to analyze heat exchangers. The goal of the analysis is to develop a means of
predicting the outlet temperatures of the hot and cold fluids given the inlet temperatures

and the value of the UA product.

Before the effectiveness of a heat exchanger can be defined it is necessary to
determine the maximum possible heat transfer rate qumax. The maximum heat transfer
rate would, in principle, be achieved in a counter flow heat exchanger, shown in Fig.

4.2, of infinite length [3]. In such a heat exchanger one of the fluids would experience
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the maximum possible temperature difference, Thin - Tc,in-

If the heat capacitance rate of the hot fluid, C,, = thp,h, is greater than the heat
capacitance rate of the cold fluid, C; = mccp,c, then the cold fluid would experience the
largest temperature difference and for a heat exchanger of infinite length, the cold fluid
would leave the heat exchanger at the inlet temperature of the hot fluid, T, oy = Thin -

Therefore qmax can be represented by
Omax = Cc(Th,in - Tc,in) Ch > Cc (4.1-11)

If on the other hand the heat capacitance rate of the cold fluid is greater than the
heat capacitance rate of the hot fluid, then the hot fluid would experience the largest
temperature change and for a heat exchanger of infinite length, the hot fluid would
leave the heat exchanger at the inlet temperature of the cold fluid, Ty, oy = Tein. There-

fore qmax can be represented by
dmax = Ch(Thin - Tein) Ce> Gy 4.1-12)
It is apparent that the maximum heat transfer, qn,ax, can also be represented by
qmax = Crin(Thin - Tein) (4.1-13)

where Cpyn is equal to the heat capacitance rate of the hot or cold fluid, whichever is

smaller.

It is now possible to define an effectiveness, €, for a heat exchanger as the ratio of

the actual heat transfer rate to the maximum possible heat transfer rate.
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ge=-93_ 4.1-14)

The actual heat transfer rate can then be calculated using
q= ecmin(Th,in - Tc,in) (4.1-15)

For any heat exchanger it can be shown that

£= f(NTU, Emc%) 3] (4.1-16)

where Chax is defined as the larger of the two heat capacitance rates, Cp, or C., and the

number of transfer units, NTU, is defined by

=UA 4.1-17
NTU o ( )

The outlet temperature of the hot fluid can then be calculated by performing an

energy balance on the hot fluid in the heat exchanger shown in Fig. 4.2.
q = Ch(Th,in - Th,ou) (4.1-18)

For a given heat exchanger the UA product and inlet fluid temperatures are
known. Therefore the heat transfer rate, g, can be calculated using Eqn. 4.1-15 and
Eqn. 4.1-16. Eqn. 4.1-18 can then be solved for the outlet temperature of the hot fluid

to give

Thout = Thin - cih (4.1-19)
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In a similar manner the outlet temperature of the cold fluid can be written as

Tc,out = Tc,in + -((:l_c (4.1-20)

Now that the general framework of the effectiveness-NTU method has been
presented it is necessary to discuss how these equations are applied to the flow of hot

dogs in a convection oven.

IV.1-2 Modifications for Flow of Hot Dogs in an Oven

In the previous section the effectiveness-NTU approach for sensible heat ex-
changer analysis was presented. It has been assumed that the flow of hot dogs in a
convection oven is analogous to the flow in a heat exchanger. In this section the gen-
eral heat exchanger analysis equations are presented in terms of the specific case at
hand. That is, the general effectiveness-NTU equations are rewritten in terms of the
known parameters for the hot dog cooking process. The model used to estimate the dry

bulb temperature variation within a zone is then presented.

The heat capacitance rate of the air can be calculated from the known air velocity,

density, and specific heat as shown in Eqn. 4.1-21.

C, = (Cabinet Width)# passes per zone)pass spacing)V, Pa..Cpa. (4.1-21)

where:

V..., = Free stream velocity of air water-vapor mixture
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Pa., = Free stream mass density of air water-vapor mixture

Cp,a... = Free stream specific heat of air water-vapor mixture

Pass spacing, shown in Fig. 4.3, is defined as the horizontal distance from one pass

of the conveyance chain to the next pass.
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Figure 4.3 Pass Height and Pass Spacing
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Figure 4.4 Cabinet Width
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Cabinet width, as shown in Fig. 4.4, is defined as that part of the process width in
which the product travels. The number of passes per zone is defined as the number of
vertical passes a product makes as it travels through a zone. A baking zone in the hot

dog process typically has four passes.

The product of the number of passes, cabinet width, and pass spacing can be
thought of as the cross sectional area of an air duct in which the product travels. The
“duct area” is used along with the average velocity and density of the air water-vapor

mixture to calculate the mass flow rate of moist air in the zone.
The heat capacitance rate for the product can be calculated as

= i Vehai -
Ch = (# of hot dogs per suck*——h“m——-sﬁck i ViapraCopa (4.1-22)
where:

Vchain = Chain speed

Vha = Volume of one hot dog

Pna = Mass density of hot dog

Cp.ha = Constant pressure specific heat of hot dog

Chain speed refers to the velocity of the conveyance chain which, for the hot dog
process, is approximately equal to 5.5 ft/min. Stick spacing is defined as the distance
between sticks of product on the conveyance chain. The ratio of chain speed to stick
spacing can be thought of as the stick velocity, or in other words, the rate at which
sticks of product are loaded into the process. When the stick velocity is multiplied by

the mass of product per stick it yields the mass flow rate of hot dogs in the zone.
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The capacitance rates of both the air and hot dogs have been defined in terms of
known parameters. It is now necessary to discuss the manner in which the number of

transfer units can be determined.

Since there is no solid surface separating the flow of hot dogs from the flow of air
the only thermal resistance between the product and the free stream is due to the con-
vective thermal resistance at the product surface. The thermal resistance due to radia-
tion is assumed negligible as the product will tend to “see” only other product at ap-

proximately the same temperature. Therefore the overall heat transfer coefficient can

be written as
U=R tlalA=(1l—)=h (4.1-23)
1o
h
where:

Riotal = Sum of individual thermal resistances

h = Convective heat transfer coefficient

To calculate the number of transfer units, NTU, it is necessary to determine the
total surface area available for heat transfer within the zone. The surface area can be
approximated, as shown in Eqn. 4.1-24, by the sum of the surface area of the total

number of hot dogs within the zone.

A = 2rRIL{# hot dogs per stick)# of passes per zoneim) (4.1-24)

stick spacing

where:

L =Length of a hot dog
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R = Outer radius of a hot dog

Pass height, shown in Fig. 4.3, is defined as the distance the product travels as it

moves from the bottom of the zone to the top of the zone.

As was stated previously, the effectiveness is a function of NTU and the ratio of
Chin t0 Cmax [3]. Effectiveness relations for various heat exchanger arrangements have
been developed and are readily available in literature. The effectiveness relationship

for a 1 shell, 4 tube pass heat exchanger is written as

(4.1-25)

€= 2{1 +C + (1 + C,2)”21 + Exp[-NTU(l + Cr2)1/2]>~1 -

1- Exg-NTU(1 + C2)"2]

= Crin.
&= e

The outlet air temperature for a zone were mass transfer is negligible can then be

approximated using

Teoout = Tonin - éq— (4.1-26)

a
The heat transfer rate, q, can be calculated using
q= ecmm(T,.,i,, - TO,in) 4.1-27)

where Ty is the product surface temperature at state 0 as defined in Sec. IL.2-2.
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For a particular zone, the inlet hot dog surface temperature and inlet air tempera-
ture are known, therefore it is possible to use Eqn. 4.1-26 and Eqn. 4.1-27 to estimate
the temperature at which the air exits the zone. The free stream dry bulb temperature
can then be modeled as a linear function of the vertical position of the product within

the zone as shown in Eqn. 4.1-28.

Teojin = Teo,out )y
0o = Too, —_— 4.1-28
T = Tosus + ( pass height ( )

where y is defined as shown in Fig. 4.3.

The effectiveness-NTU analysis for sensible heat exchangers can be applied to
those zones where mass transfer is negligible. For those zones where the mass transfer
is significant it is necessary to apply a cooling tower model which is discussed in the

next section.

IV.2 Cooling Tower Analogy

The mass transfer rate is greatly reduced in the dry-cook and final cook zones.
Therefore it was assumed that these zones could be modeled neglecting mass transfer.
The fact that mass transfer was negligible allowed the dry bulb temperature in these
zones to be modeled using the effectiveness-NTU method of heat exchanger analysis.
In the smoke and drying zones, where the rate of mass transfer is si gnificant, the sen-
sible heat exchanger model can not be used. Instead a cooling tower model, which

parallels the heat exchanger model, will be applied to the flow of “wet” product in a
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convection oven. The cooling tower analysis will be developed in terms of the hot dog
process immediately rather than starting with the general case and then modifying for

the hot dog process as was done for the heat exchanger model.

Fig. 4.5 shows the flow geometry and notation for a “wet” product flowing in a

counter current “cooling tower”,

T0,out Teo

y+Ay— —

v
ot T
Water film on product surface

Figure 4.5 Flow of “Wet” Product in a Cook Zone

A mass balance on the control volume shown in Fig. 4.5 relates the amount of
water evaporated from the product surface to the moisture content of the free stream.

Performing the water mass balance results in
(tng)y - (Bpa)y+ay + (MaOelysay - (ae)y =0 (4.2-1)

where:

th, = Mass flow rate of the air water-vapor mixture
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1hpg = Mass flow rate of hot dogs

.. = Humidity ratio of free stream

Dividing Eqn. 4.2-1 by Ay and taking the limit as Ay goes to zero results in the

following differential equation.

diyg _ . 4O (4.2-2)

Eqn. 4.2-2 can be integrated from the initial condition at y=0 where i, = thpg 1

and ® = Moy, to yield the mass flow rate of product at any position in the oven.
g = Mg in - Moot - 0o (4.2-3)

Eqn. 4.2-3 shows that the mass flow rate of product is not constant but rather
changes due to the evaporation of water from the product surface as it travels through

the zone.

An energy balance on the control volume shown in Fig. 4.5 relates the energy
change of the product to the energy change of the free stream. Performing the energy

balance yields
(tha Cpna Toly - (ttna CpnaToly+ay + (Malec)ysay - (Milgiecy = O (4.2-4)

where:

i.. = Enthalpy of the free stream air water-vapor mixture
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Dividing Eqn. 4.2-4 by Ay, taking the limit as Ay goes to zero, and assuming a
constant specific heat for the product results in the following differential equation.
dlmpgTo) _ . die 42-5
Cp,hd dy = ma-a)—,' (4.2-5)
If the first term in Eqn. 4.2-5 is expanded by differentiating by parts and Eqn. 4.2-
3 is substituted in for the mass flow rate of hot dogs then the following differential

equation relating the hot dog temperature as a function of distance to the free stream

enthalpy and humidity is the result.

di.. do..]
o — - To—m—l
a1 _ mal & ConaTo &y

dy  Cpna[Mhdin - Mg out - 0):)]

(4.2-6)

A mass balance on the free stream relates the mass transfer from the product to the
humidity change of the air. Performing the mass balance on the control volume shown

in Fig. 4.5 results in
(ta@ysay + i - (el = 0 42-7)

where . represents the mass flow rate of water that evaporates from the product
surface.

The air at the product surface is assumed to be saturated air at the product surface
temperature. Therefore the mass flow rate due to evaporation at the product surface is

represented by

e = f-A'Ay(w - @) | (4.2-8)
,a
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where o9 represents the humidity ratio of saturated air at the 0 state. The O state is
defined as explained in section I1.2-2. A’represents the total area available for heat and
mass transfer per unit length of the “cooling tower”. A’ can be calculated using Eqn.

4,1-24 as

» _ 2nRL(# hot dogs per stick)(# of passes per zone)

4.2-9
A (stick spacing ( )

Combining Eqn. 4.2-7 and Eqn. 4.2-8 and taking the limit as Ay goes to zero

yields
°° A’h
——— - 4. -10
l -———‘,a 'aO)() 0.).,,) (2 )

An energy balance on the free stream relates the energy change of the product to
the change in energy of the free stream. Performing an energy balance on the control

volume shown in Fig. 4.5 yields
(thaico)y+ay + Ee - (yieoly = 0 (4.2-11)
where E, represents the energy transfer from the product to the free stream.

Eqn. 2.2-33, rewritten below, represents an energy balance at the product surface.
a‘j{io - i) =myfir - io) - g (4.2-12)
,a

The energy balance states that the energy flux within the product, the right hand
side of Eqn. 4.2-12, must equal the energy flux at the product surface, the left hand side
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of Eqn. 4.2-12. Therefore the energy transfer from the product, E,, can be represented
by

B = Ab Ayfig - i) (4.2-13)
G
Substituting Eqn. 4.2-13 into Eqn. 4.2-11, dividing by Ay, and taking the limit as

Ay goes to zero results in

EL%.(%Q “hfio - i) (4.2-14)
A Y

The overall mass and energy balances, Eqn. 4.2-3 and Eqn. 4.2-6 respectively, and
the mass and energy balances on the air side, Eqn. 4.2-10 and Eqn. 4.2-14 respectively,
describe the heat and mass transfer within the “cooling tower”. Various techniques
have been applied to obtain a solution to these equations. The approach which will be
presented here is to make use of the effectiveness model for cooling towers developed
by Braun [1989]. Braun's method allows one to model a cooling tower using effective-

ness-NTU relations similar to those developed for the sensible heat exchanger.

A simplifying assumption made by Merkel [1925] is to neglect the effects of water

loss due to evaporation [6]. Neglecting water loss allows Eqn. 4.2-6 to be rewritten as

oo ___m, O
dy  mpgCppa 9y

(4.2-15)
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An effective specific heat can then be introduced. The effective specific heat
allows the product surface temperature, Ty, to be replaced by the saturated air enthalpy

at that temperature [6]. The effective specific heat is defined as

C.= _a_ ip 2-
where

ip = Enthalpy of saturated air at the product surface temperature, To

The value of the effective specific heat, C;, can be determined using a numerical

approximation of the derivative as

10,in - io,out

Co~ ( in ~ $0.0u ) (4.2-17)
° TO,in - TO,out

Since Cs depends on the outlet surface temperature of the product, which is still

unknown, some iteration will be necessary.

Substituting Eqn. 4.2-16 into the overall energy balance, Eqn. 4.2-15, results in

dip _ _m,C i

A s 42-18
dy mygCppa 9y ( )

The heat and mass transfer in the “cooling tower” is now represented by two
equations. The first is the overall energy equation, Eqn. 4.2-18, rewritten using an
effective specific heat. The other equation is the air side energy balance, Eqn. 4.2-14.
These two equations are analogous to Eqn. 4.1-8 and Eqn. 4.1-9 from the heat ex-

changer analysis presented in Sec. IV.1-1. Therefore effectiveness-NTU relations can
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be applied to the “cooling tower” [6].

The total energy transfer from the product to the free stream can be written as
q = eigig in - ico,in) (4.2-19)

The effectiveness, €, is calculated using Eqn. 4.1-25 where the heat exchanger
NTU and capacitance ratio is replaced by the tower NTU and capacitance ratio defined

by Eqn. 4.2-20 and Eqn. 4.2-21 respectively.

NTU < hA (ﬁgeighﬂ (4.2-20)
ha
nyC
m* = —1:Cs (4.2-21)
mhdCp,nd

The outlet air enthalpy can then be calculated from the overall mass and energy

balances as

. .

feoout = feajn + (4.2-22)
m,

The outlet product temperature can then be determined by integrating Eqn. 4.2-15

over the length of the “cooling tower” to yield

Toout = Ton + ﬁg(gm - fas,out) (4.2-23)

To determine the outlet air temperature it is necessary to estimate the outlet air

humidity ratio. This is done by integrating Eqn. 4.2-14 to define an effective saturation
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enthalpy i, [6].

leoout - ioo.in

10 off = ooin - 4.2-24
10,eff l‘°°,m 1 _ EX M'NTU) ( )

An effective saturation humidity ratio, (g s, can then be determined from a
psychometric chart using i efr and the fact that the air is saturated. The outlet humidity
ratio can then be determined by assuming the evaporation is from an effective uni-

formly saturated surface and integrating Eqn. 4.2-10 [6].
Oecout = W0,eff + (Woo,in = W,effJEXP(-NTU) (4.2-25)

With the outlet air enthalpy and humidity ratio known it is possible to determine

the outlet air temperature from a psychometric chart.

The free stream dry bulb temperature can then be modeled as a linear function of

the vertical position of the product within the zone as shown in Eqn. 4.2-26.

Teoin - Tes
Tee = Toout + ( \in ,out)y

pass height (4.2-26)

where y is defined as shown in Fig. 4.3.

Two models for predicting the exit air temperature for a zone given the inlet air
and product temperatures have been presented. One model is used for those zones
where mass transfer is negligible. The other model is for those zones where mass
transfer can not be neglected. The validity of these two models will be examined in the

next chapter.



Chapter V

Model Validation

In chapter two the heat and mass transfer models used to predict the products
thermal behavior were developed. Chapter three dealt with the modeling approach used
to estimate the heat transfer coefficient for a zone based on the average air velocity in
that zone. Chapter four presented a rather simple method of determining the dry bulb
temperature at the bottom of the zone from the inlet dry bulb and product surface
temperatures. These three modeling components were combined into a simulation
program, see appendix, which can be used to simulate the cooking of the product. It is
now time to use the simulation program to predict the thermal behavior of a hot dog as

it is cooked and compare the results to actual data.

The simulation program was written such that it can be used to model the entire 96
minute cooking process. The concentration of this thesis however has been on the
modeling of the four baking zones in the middle of the cooking process. Therefore the
simulation program will be used to simulate the thermal behavior of the product in
these zones only. It is left as a recommendation that future work should be concen-

trated on modeling the transition, water bath, and chilled brine zones.
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V.1 Simulation of Individual Zones

To simulate the thermal behavior of the product in a baking zone it is necessary to
know the product temperature as it enters the zone, the dry bulb temperature at the top
of the zone, and the wet bulb temperature. Once this information is known, the simula-
tion program can be used to predict the dry bulb temperature at the bottom of the zone
and the thermal behavior of the product as it travels through the zone.

The zone set point temperatures and initial product temperature used to simulate a
particular baking zone were obtained from the data collected on August 13, 1991 Run-
A. The method which was followed was to view the actual temperature data and
determine at what time the product entered the zone which was to be simulated. For
example, if the smoke zone was to be simulated the actual data would be reviewed to
determine at what time the actual product entered the smoke zone. For the data col-
lected on Aug. 13, it was estimated that the product entered the smoke zone at approxi-
mately 13 minutes into the cooking process. Therefore the initial product temperature
necessary to run the simulation program was set equal to the product temperature which
was measured at 13 minutes into the process. The inlet dry bulb temperature was
obtained by viewing the dry bulb temperature data for the smoke zone and estimating
the inlet temperature at the top of the zone from this data. Again as an example, the dry
bulb temperature data for the smoke zone was plotted and it was determined that the
temperature at the top of the zone was approximately 168°F. Therefore the dry bulb set
point temperature for the simulation program was set equal to 168°F. The wet bulb
temperature was obtained in the same fashion as the dry bulb temperature. The wet
bulb set point temperature for the simulation of the smoke zone was set equal to 108°F.

This general procedure of using the measured data to determine the inlet product
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temperature, dry bulb inlet temperature, and wet bulb temperature was followed for

each of the baking zones.

Once all the required temperature inputs are known, it is possible to use the simu-
lation program to estimate the thermal behavior of the product as it is cooked. Fig. 5.1
shows the results of the simulation program as compared to the actual temperature data

collected on August 13, 1991 Run-A.
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Figure 5.1 Smoke Zone Simulation Comparison

Notice that there are six different curves plotted on Fig. 5.1. Two of the curves are

the actual dry bulb and product temperatures as measured on Aug. 13, 1991 Run-A.



98
Two of the curves are the simulated product and dry bulb temperatures, Thd-wet and
Tdb-wet respectively, when the surface of the product is considered to be “wet”, or in
other words when mass transfer from the product is considered. Two of the curves are
the simulated product and dry bulb temperatures, Thd-dry and Tdb-dry respectively,
when the surface of the product is considered to be “dry” and mass transfer from the
product has been neglected. This type of format was followed for all the zone tempera-

ture plots.

The most important characteristic of Fig. 5.1 is that the mass transfer model
predicts the thermal behavior of the product and the dry bulb exit temperature relatively
well. Note that the temperature profile simulated when mass transfer is neglected tends
to over predict the temperature of the product. This result is exactly what is expected
since the effects of evaporative cooling are being ignored in the model that neglects

mass transfer from the product.

The fact that the simulation which includes mass transfer does a better job of
modeling the product temperature then the simulation which neglects mass transfer is
not surprising. As has been stated before, the rate of mass transfer is relatively high in
the smoke zone. Therefore it is expected that the model which accounts for mass
transfer from the product surface be able to predict the thermal behavior of the product

better than the model that ignores the mass transfer.

Fig. 5.2 shows the results of the simulation of the drying zone.

Note that, at least initially, the simulation which accounts for mass transfer does a

better job of modeling the product temperature than the simulation that neglects mass
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transfer. About half way through the zone the actual product temperature breaks away

from the wet bulb temperature. This change

in the products thermal behavior has been

linked to the formation of the hide. As the hide begins to form at the product surface it

has been hypothesized that the rate of mass transfer decreases. Proof of this theory is

based on the fact that the product temperature no longer follows the wet bulb tempera-

ture, but rather begins to increase.
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Figure 5.2 Drying Zone Simulation Comparison

As the rate of mass transfer from the product decreases, the energy that had been

going into the phase change of water at the product surface is now available to cause a

sensible change in the product temperature. Therefore the product temperature begins
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to rise above the wet bulb temperature of the free stream.

Note also that the simulation which includes mass transfer does a much better job
of predicting the exiting dry bulb temperature then the model that neglects mass trans-
fer. Itis believed that the rate of mass transfer in this zone is still rather high, There-
fore the fact that the simulation which includes mass transfer does a better job of

modeling the dry bulb temperature than the simulation that neglects mass transfer is not

surprising.

One other interesting point about Fig. 5.2 is that the product enters the zone at a
temperature slightly higher than wet bulb temperature. The expected result should be
that the product should experience some evaporative cooling which will bring the
product temperature back down to the wet bulb temperature. This downward trend in
the product temperature is indeed visible in the simulation which accounts for mass
transfer. The fact that the actual product temperature does not decrease, provides some
evidence that the rate of mass transfer from the product has already begun to decrease

by this point in the cooking process

Fig. 5.3 is the results from the simulation of the dry-cook zone.

Fig. 5.3 indicates that neither the simulation which accounts for mass transfer nor
the simulation that neglects mass transfer does an adequate job of predicting the ther-
mal behavior of the product in this zone. This result should have been expected. The
model of the product has been developed such that the effects of mass transfer at the
product surface can either be “toggled” on or off. Even though the rate of mass transfer

from the product has been reduced due to the hide formation, mass transfer from the
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product has not stopped completely therefore neither of the simulations can accurately

model the product temperature behavior. The important thing to note about Fig. 5.3 is

that the temperature of the actual product lies between the limits calculated by the

simulation.
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Figure 5.3 Dry-Cook Zone Simulation Comparison

It should also be noted that both simulations due a rather good job of estimating

the dry bulb temperature at the bottom of the zone. The fact that both models predict

about the same exiting temperature is due to the fact that the driving force for mass

transfer is relatively small in this zone. That is to say that the humidity ratio at the
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product surface does not differ much from the free stream humidity ratio. Therefore the
effect that mass transfer has on the cooling tower model of the free stream is relatively

small and the cooling tower model tends to behave in a manner similar to the heat

exchanger model.

Fig. 5.4 shows the results of the simulation of the final cook zone.
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Figure 5.4 Final Cook Zone Simulation Comparison

Fig. 5.4 indicates that the simulation which neglects mass transfer does a better job
of modeling the thermal behavior of the product than the simulation which accounts for

mass transfer. Once again this result is expected since the rate of mass transfer from
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the product surface in the final cook zone has been greatly reduced due to the formation
of the hide. Note also that the driving force for mass transfer is relatively small in this
zone so once again the two simulations predict approximately the same dry bulb tem-

perature at the bottom of the zone.

In conclusion it can be said that the simulation which accounts for mass transfer
does a relatively good job of predicting the thermal behavior of the product and the
exiting dry bulb temperature for those zones where the rate of mass transfer is relatively
high. In particular, the mass transfer simulation works best in the smoke zone. Fig. 5.5
shows an enlarged view of the product temperature predicted for the smoke zone using

the simulation that accounts for mass transfer.
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Figure 5.5 Smoke Zone Product Temperature
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The simulation which neglects mass transfer does a relatively good job of predict-
ing the thermal behavior of the product and estimating the exiting dry bulb temperature
for those zones where the rate of mass transfer has been greatly reduced due to the
formation of the hide. In particular, the simulation which neglects mass transfer works
best in the final cook zone. Fig. 5.6 shows an enlarged view of the predicted product

temperature in the final cook zone using the simulation which neglects mass transfer.
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Figure 5.6 Final Cook Zone Product Temperature

An important point to note about the temperature profile in Fig. 5.6 is the initial
temperature increase of the product temperature at the beginning of the zone. This

temperature increase is caused by condensation of water on the product surface due to
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the fact that the product enters the zone with a surface temperature which is below the
dew point temperature. Even though the simulation used to predict the thermal behav-
ior of the product temperature neglects mass transfer, it is still able to account for any

condensation that might occur at the product surface.

Neither simulation is able to accurately account for the thermal behavior of the
product in the drying zone nor the dry-cook zone. This is due to the fact that the simu-
lation only allows for two modes of mass transfer from the product. That is, either
mass transfer is accounted for, and then it is assumed that the product surface is totally
wet, or mass transfer is neglected. There is no way of modeling a surface that is par-
tially “wet” or in other words, there is no way to account for the fact that the rate of

mass transfer gradually decreases as the product cooks and the hide forms.

V.2 Internal Temperature Profile

A major portion of the simulation program is dedicated to approximating the
temperature profile within the product. Actual temperature data comparing the surface
to core temperatures was not collected. Therefore the only means of verifying that the
finite-difference portion of the simulation program is working correctly is to compare
the results of the simulation program to the analytical solution. The analytical solution
was derived in Sec. I1.1-4 for the special case of a step change in the free stream tem-
perature with no mass transfer at the product surface. The simulation program was
used to predict the temperature of a 4.0 inch diameter cylinder under the same boundary
conditions. The results of the simulation program are compared to the analytical

solution as shown in Fig. 5.7.
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Figure 5.7 Verification of Finite-Difference Approximation

Itis evident from Fig. 5.7 that the simulation program accurately models the
internal temperature of the cylinder as compared to the analytical solution. Note that
Fig. 5.7 is intended to show that the finite-difference portion of the simulation program
is working correctly. The temperature distribution within a real product depends on the
conditions at the surface of the product and the material properties within the product.
Therefore the ability of the simulation program to accurately predict the core tempera-
ture of a real product depends on the ability to model the conditions at the product

surface and knowing the values of the material properties of the product.
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It is recommended that future experiments be conducted which collect the neces-
sary data to verify the ability of the simulation to predict the temperature distribution
within a product for those zones where the simulation is able to accurately model the
surface conditions of the product. Actual surface to center temperatures should be
collected for the product in the smoke and final cook zones and the resulting data

should be compared to the results predicted by the simulation program for these zones.



Chapter VI

Conclusions and Recommendations

This research project and thesis have concentrated on the modeling of heat and
mass transfer during cooking. Chapters II through IV discussed the modeling tech-
niques used to simulate the cooking of hot dogs in convection ovens. The thermal
aspect of the model has been compared to actual data and it has been shown that the
simulation is able to predict the thermal behavior of the product in the smoke and final
cook zones. The simulation program is unable to predict the thermal behavior of the
product in the drying and dry-cook zones because the product model does not have the
ability to account for the change in the surface boundary condition as the product
begins to dry.

The simulation of the product has included modeling the temperature distribution
within the product. The finite-difference portion of the simulation program used to
model the temperature variation was verified by comparing the simulation results to the
analytical solution. It was shown that the simulation program accurately predicts the
temperature distribution for a solid cylinder when exposed to a step change in the free

stream temperature.
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The simulation program also provides an estimate of the dry bulb temperature at
the bottom of the zone. Two models were used. One treated the flow of hot dogs like
flow in a sensible heat exchanger. The other model simulated the flow of hot dogs
using a cooling tower model. It was shown that these two models are able to predict

the exiting dry bulb temperature rather well.

In conclusion, the simulation program provides a good building block for future
simulation work. There is room for improvement in the models used in the simulation
program and in the procedure used to collect experimental data. Therefore the rest of
this chapter presents some recommendations regarding areas in which future research

work on the heat and mass transfer in cooking processes should be concentrated.

Sec. I1.2-9 discussed mass diffusion within the product. The simulation model
neglects mass diffusion within the product. It is recommended that future modeling
work should be concentrated on accounting for the effects of mass diffusion within the
product. It was estimated that the mass transfer Biot number for the diffusion of water
in meat was on the order of magnitude of 100. The fact that the Biot number is much
greater than unity indicates that the overall rate of mass transfer from the product will

be limited by the rate at which water can diffuse to the product surface.

The rate of mass transfer from the product decreases due to the formation of a
“hide” at the product surface. It has been hypothesized that as water diffuses to the
product surface it brings with it proteins which seal the surface, thus forming a “hide”
which prevents any further moisture loss. Another factor that is linked to the reduced
rate of mass transfer from the product is the rate of mass diffusion within the product.

If water can not diffuse to the product surface fast enough to keep the product surface



110
“wet” then the product surface and the meat immediately below the surface will begin
to dry out, thus changing the thermal response of the product. Therefore it is possible
that the change in the thermal behavior of the product in the drying zone is due to the
rate of mass diffusion within the product rather than the formation of a “hide” at the
product surface. The theory that mass diffusion rather than “hide” formation causes the
reduced rate of mass transfer from the product is based on the value of the mass transfer

Biot number and an experiment Jerry Marra ran at Oscar Mayer.

Oscar Mayer was experimenting with a hot dog that had a water content higher
than the water content of the hot dogs that were used during the heat transfer coefficient
experiments. The temperature profile of the high water content product did not show
the characteristic deviation of the product temperature from the wet bulb temperature
during processing in the drying zone. Or if the product temperature did break away

from the wet bulb temperature it occurred later in the drying zone.

The fact that the product did not break away from the wet bulb temperature indi-
cates that the product surface is still wet. The rate of mass transfer from the high water
content product should be at least as high as that for the lower water content product.
Therefore it seems reasonable to assume that the rate at which the proteins reach the
product surface and the rate at which the “hide” forms should be approximately the
same for both types of hot dog. If indeed the rate of mass transfer from the product was
solely governed by the clogging of the surface pores with proteins, than the two prod-

ucts thermal behavior should be similar.

The data collected on the high water content product does not support the theory

that a hide forms at the product surface. The data rather shows that the high water
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content product remains at the wet bulb temperature and mass transfer from the product
continues. The theory that the rate of mass diffusion within the product governs the
rate of mass transfer from the product is better able to explain the observed data. For
the high water content product, more water will have to be driven off before the product
begins to show the signs of drying. Therefore the product temperature will remain at
the wet bulb temperature for a longer period of time until enough water is driven off to

cause the meat below the surface to begin to dry out.

It is possible that the rate of mass transfer from the product is not governed by the
rate at which a “hide” forms at the product surface but rater is limited by the rate at
which water can diffuse to the product surface. To test the proposed theory it is recom-
mended that future work be concentrated on modeling the diffusion of water within the
product. Ibelieve that once diffusion is accounted for, the simulation program will be
able to predict the thermal behavior of the product in those zones where the product

surface is neither totally wet nor totally dry.

In Sec. I1.2-2 the heat transfer coefficient was modeled assuming one average
value for the entire zone. The average heat transfer coefficient was approximated using
the average air velocity within the zone and empirical correlations for flow over sur-
faces. It was stated that the collected data indicates that there is some variation in the
heat transfer coefficient from the top of the zone to the bottom of the zone. Two pos-
sible explanations of this variation were presented. One explanation was linked to a
variation in the free stream air velocity near the top of the zone due to the air jets
produced by the diffusers. The other explanation dealt with the heat transfer from the
aluminum hot dog due to radiation to the surrounding product and oven walls. It is

recommended that more heat transfer coefficient experiments should be conducted to
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determine if there really is a variation in the heat transfer coefficient and, if necessary,

to model the variation in the heat transfer coefficient.

To eliminate the effects of radiation, heat transfer coefficient experiments should
be conducted using a “shinny”, low emissivity, aluminum hot dog. When the alumi-
num hot dog experiment was originally designed it was thought that the aluminum hot
dog surface would become covered with smoke and grease and would not remain
shinny. Actual experiments have indicated that the surface of the aluminum hot dog
does remain clean. Therefore a shinny aluminum hot dog would reduce, if not elimi-
nate the effects of radiation on the measurement of the heat transfer coefficient. It
would be useful to run experiments with both a shinny and a black aluminum hot dog

and then to compare the resulting heat transfer coefficients calculated using the data.

It is also important to determine the air velocity within the zone to determine if
there is a significant difference in the local air velocity at the top of the zone as com-
pared to the air velocity at the bottom of the zone. If there is a large variation, then the
simulation program will need to be modified to account for the variation in the air

velocity and the resultant effect on the heat transfer coefficient.

In Chapter IV two methods for predicting the exiting dry bulb temperature in a
zone were developed. Chapter V showed that the cooling tower model was able to
predict the exiting dry bulb temperature for all four baking zones. Therefore it is
recommended that the cooling tower model be used to simulate the exiting dry bulb
temperature for all zones, but that the curve fit used to approximate the temperature
between the inlet and exit temperatures be improved. Currently the simulation program

uses a linear fit between the inlet and exit temperatures. It is known from heat ex-
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changer theory that the temperature of the air should decay exponentially as it flows
down past the product. Therefore it is recommended that a curve fit which better
models the actual data be used to approximate the dry bulb temperature as a function of

position within the zone.

The last recommendation is to determine the importance of the transition zones,
how they influence the thermal behavior of the product, and to include a model of the

transition zone in the simulation program.



Appendices

A.1 Simulation Programs

The simulation program has been written using the models developed in the thesis.
Although the program has been written such that the entire cooking process can be
simulated, it has been shown that the simulation does not work for certain zones within
the process. Therefore, since the program uses values calculated from the previous
zone to simulate cooking in the next zone, it is recommended that the simulation pro-
gram be used to simulate only one zone at a time and that it be used for the smoke,

drying, dry-cook, and final cook zones only.

The simulation has been broken down into one main program and three support
programs. The main program uses data files generated by the other three programs.
The three support programs will be presented first then the main simulation program
will be discussed.
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A.1-1 House Specification Program

The program called “House.for” is used to establish the parameters which describe
the physical design of the cooking process. The program is used to set the following

parameters:

1. Cabinet Width

2. Pass Height

3. Pass Spacing

4. Chain Speed

5. Stick Spacing

6. Average Number of Hot Dogs per Stick

Each of these parameters must be set before the main simulation program can be

run.

B == m e e e e e e e e e
C FERAREREE R KA KRR KRR R KRR R R R KRR KRR KRR RN R R R R RN R KRR KRR KRR KKK K
c XEXXXKEEXRXEXXRRXEXX HOUSE SPECIFICHTIUH PBUGHH" EkkEER KKKk kK KXk
C FAREERKKE R KRR AR R KRR AR R R R B AR KRR AR R R KRR KRR R R R R R R R AR AR AR E
€ = m o m e e e e e e
c

[+

€ m e e e e e e e e e e e
C EEXEEXRXEXRXRE KA EKE PROGRAN DESCRIPTION EEERERKEXRRE KRR ER KK
c ———————————————————————————————————————————————————————————————————
c

c

c This program is used to specify those parameters that are

[ primarily dependent on the design of the house. This includes

c the following variables:

c

c 1 Cabinet Width

c 2 Pass Height

c 3. Pass Spacing

c 4 Uelocity of conveyance chain
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S. Stick Spacing
6. HAverage number of hot dogs per stick
The program then creates a data file called "house.dat" which
contains all the house data used in the simulation program. The
data is stored in metric units as that is the fora in which the
data is used by the simulation program. The units are converted
on entry and exit of the progran.
AEEXREEREREERKERRERR R URRIARBLE THABLE EEXEEXEXRREERERR XK KKK
width = Uidth of cooking zone "Cabinet" (approximately
the length of a stick of hot dogs) {n}
height = Height of house, from top to bottom of one
pass {m}
PassSpac = Distance between passes (pass spacing) {n}
Uchain = Uelocity of conveyance chain {n/Sec}
StickSpac = Distance between sticks on the conveyance chain {n}
hotdogs = Average number of hot dogs per stick {integer)
i = counter {integer}
used = loglcal variable used to deternine if data file
already exists
EEXEERRERE KRR KX KRR RN KR DECLARE VARIABLES EXXRXERERRR KR RER KA KKK

implicit none

real width,height,PassSpac,Uchain,StickSpac
integer hotdogs, i

logical used

EEEEEREXEX DETERMINE IF DATA FILE ALREADY EXISTS ERREX KRR KKK X

if{used .EQ. .FALSE.) then
open{unit=1,file="house.dat',status="'neu’)
width = 0.0
height = 0,0
PassSpac = 0.0
Uchain = 0.0
StickSpac = 0.0
hotdogs = 0



AAKKKKKER KKK KRR RERAD EXISTING INPUT DATA FILE 3K oK ok Kok KKK Kok Kk

elseif{used .EQ. .TRUE.) then
open{unit=1,file="house.dat',status="unknown"')
rewind(unit=1)
read(1,90) width,height,PassSpac,VUchain,StickSpac,hotdogs
rewind{unit=1)

endif

FAXREEXEL KX DETERMINE "WORKING" UNITS FROM USER EXEXRREER KKK

print*, 'Enter the system of units you would like to work in:'

print*

print¥*,"’ 1. HNetric {m,KJ,Kg,C,Sec}"’
print*,"’ 2. English {ft,Btu,Lbmn,F,Sec}’
print*

read*, |

if¢i .LT. 1 .0R. i .GT. 2) then
print*, 'Please enter a "1" for Metric units or a "2" for
& English units.'
goto 5

R I Y R R T IITIITI
ERAEKEERERKERRKERR R UORK IN METRIC UNITS Rk Rk kK Kk Kk Kk K Kk Kk K
KEAKKERR R R R KRR R R R R R R R R R KRR R R R KRR E R KRR KRR R R R R KK

LR R 2 R 2T PRINT CURRENT URLUES TO THE SCREEN %Rk ok ok ok ok ok
print100
printii0
print120, width 1{n}
print130, height 1{n}
print140, PassSpac 1{n)
print150, Uchain '{m/Sec}
print160, StickSpac I{n}
print170, hotdogs !{integer)
print¥*

print*



c
€ o m e e e e
C RREREREERRXERERER MAKE CHANGES TO DATA 7777 33Kk ok ok ok ok ok kK Kk K
€ o e e e e e e e
c
i =7
print*, 'Type the number of the item which you would like
& to change.'
print*,' (type 0 [zero] when you are through making
& changes)'
print200
read*, |
c
o o o o e e e e e e e e
c EREXEEREEREXRERR WRITE OUTPUT TO HOUSE.DRT FILE Y 32122322228
o m e e e e e e e
c
if(i .EQ. 0) then
resind{(unit=1)
write(1,90) width,height,PassSpac,Uchain,StickSpac,hotdogs
close(unit=1,status="keep"')
stop
c
€ mmm e e e e e e e e e e
c kkExkkxx ASK USER FOR "NEW" UALUE IF CHANGE REQUESTED * Kk kK K
€ = e e e e e e e e e e e e e
c
elseif(i .GE. 1 .AND. i .LE. 6) then
goto(10, 20, 30, 40, 50, 60) |
else
print*,'You must enter a number between 0 and 6.'
print*, 'Press return when ready to continue.'
pause
goto 8
endif
10 print*, 'Enter new cabinet width [a]"
read*,width
goto 8
20 print*,'Enter new pass height [a]’
read*,height
goto 8
30 print*, 'Enter new pass spacing [a]’
read*,PassSpac
goto 8
40 print*, 'Enter new chain speed [n/sec]’
read*,Uchain
goto 8
50 print*,'Enter new stick spacing [a]'
read* ,S5tickSpac
goto 8
60 print*,'Enter new nunber of hot dogs per stick [integer]’

read*,hotdogs
goto 8
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elseif(i .EQ. 2 ) then

width = width/0.3048

height = height/0.3048

PassSpac = PassSpac/0.3048

Uchain = Uchain*{(100.0*%60.0)/(2.54*%12.0))
StickSpac = StickSpac/0.3048

print100
printiil
print121, width 1{ft}
print131, height H{ft}
printi141, PassSpac 1{ft}
print151, Uchain 1{ft/Nin}
print161, StickSpac 1{ft}
print1?1, hotdogs !{integer)
print*
print*

EAKERRERE XK KRR KRR MAKE CHANGES TO DATA 7777 Bk kKR Kk K KR kK Kk K
i = 8

print*,'Type the number of the Iten which you would like
& to change.'

print*,"’ (type 0 [zero] when you are through making
& changes)'

print200
read*, i

if(i .EQ. 0) then
rewind{unit=1)
write(1,90) width*0.3048,height*0.3048,PassSpac*0.3048,
& Uchuin/((100.0*60.0)/(2-54*12.0));
& StickSpac*.3048,hotdogs
close{unit=1,status="'keep"')



stop
c
€ m e e m = — . — . e e e e e e e e ———
c ***xxtxx  ASK USER FOR "NEH® UALUE IF CHANGE REQUESTED  *®*xx*x
© o m o e e o e e e e e e
c
elseif(i .GE. 1 .AND. i .LE. 6) then
goto{15, 25, 35, 45, 55, 65) |
else
print*,'You must enter a nuaber between 0 and 6.'
print*, 'Press return when ready to continue.'
pause
goto 9
endif
15 print*, 'Enter new cabinet width [ft]"'
read*, width
goto 9
25 print*, 'Enter new pass height [ft]'
read*, height
goto 9
35 print*,'Enter new pass spacing [ft]'
read*, PassSpac
goto 9
45 print*, 'Enter new chain speed [ft/ain]"’
read*, Uchain
goto 9
55 print*,'Enter new stick spacing [ft]'
read*, StickSpac
goto 9
65 print*,'Enter new numnber of hot dogs per stick [integer]’
read*, hotdogs
goto 9
endif
c
C = m e m e e e e e e e e e e e
C EAEEARRAREXERERKRRERER FORMAT STATEMENTS EEEEBEEERE XK KRR KR LKk
©  mm e e e e e e e e e e e
[+
90 forlat(fﬂ.s,fﬂ.S,fﬁ.S,fg.ﬁ,fB.G,l6)
100 format(///7//"' HOUSE DESIGN SPECIFICATIONS ")
110 format (' L)
120 format{(' 1. Cabinet width = ',{5.2,' [a]"')
121 format(' 1. Cabinet width = ',f5,2,' [ft]"')
130 format{(' 2. Pass height = ',f5.2,' [a]"')
131 format(' 2. Pass height = ',f5,2,' [ft]")
140 format(' 3. Pass spacing = ',f5.2,' [a]')
141 format{' 3. Pass spacing = ',f5.2,' [ft]')
150 format(' 4. Chain speed = ',{5.4,' [n/sec]')
151 format(' 4. Chain speed = ',15.2,' [ft/nin]"')
160 format(' S. Stick spacing = ',f5.4,' [a]')
161 format(' 5. Stick spacing = ',f5.2,' [ft]")
170 format(' 6. Humber of hot dogs per stick = ',i3)
171 format(' 6. Number of hot dogs per stick = ', 13)
200 format{(////777777)

end
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c ®xxxxxexxxxx  END OF HOUSE SPECIFICATION PROGRAN  *aessxsxskxxs
AREXEEEEEEXEEEEE XXX R EEE XXX EEEXEX XX R EEEXEREXREREEEEE RN R R BB XX KR KRR R X K % %

A.1-2 Product Specification Program

The program “Product.for” is used to specify the physical parameters of the meat
product to be cooked in the simulation program. The program is used to specify the

following product parameters:

—
.

Units to be Used in Output Files (E => English or M => Meteric)
Product Name

Outer Radius of Product

Length of Product

Number of Nodes Used in Finite-Difference Approximation
Thermal Conductivity of Meat

Mass Density of Meat

Specific Heat of Meat

Lol S AN

Initial Product Temperature

Each of these parameters must be set before the main simulation program can be
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This program is used to set the initial product specifications.
This includes the following Information:

Name of Product

Outer radius of product

Length of product

Number of nodes used in radial direction (less than 20)
Thermal Conductivity

Mass density

. Specific Heat

. Initial product temperature

QOB WN -

The progran allows the user to enter these initial values in
either English or Hetric (S1) units. The program creates a
file called "prod.spc" that contains the information stored
in metric units. This file is then used by the sinulation
program. MNote that the units selected in this progran will
determine the units used in the output printed by the
sinulation program. For example if you elect to input the
created by the product data in English units then the output
data files sinulation program will also be in English Units,

Outer Radius of Product {m}

Length of Product {n}

Thermal Conductivity {H/a*2-C}

Hass Density {Kg/n*3}

Specific Heat {KJ/Kg-K}

Initial Temperature {C}

number of nodes

counter

namne of meat product

flag to indicate unit choice (M => Hetric (S1)
or E => English)

used = logical variable used to deternine if data file
already exists

(3]
b=
LI D B D DR B B BN B ]



implicit none

real Ro,L,k,rho,Cp,Ti
integer nodes, i

character prod{20)*4,units*1
logical used

BEXEEREE R DETERNINE IF DATA FILE ALREADY EXISTS ERERXEER N KX

if(used .EQ. .FALSE.) then
open{unit=1,file="prod.dat',status="'new')
units = 'E’'
prod{(1) = 'new'
do 3 i = 2,20
prod(i) = ' !
cont inue
Ro = 0.0
L =20.0
nodes = 0
k = 0.0
Cp = 0.0
Ti = -17.77777778

elseif(used .EQ., .TRUE.) then
open{unit=1,file="prod.dat',status='o0ld"')
rewind{unit=1)
read{(1,91) units
read(1,95,END = 999) {(prod(i), 1=1,20)
read(1,92) Ro
read(1,92) L
read(1,93) nodes
read{1,96) k
read{1,97) rho
read{1,96) Cp
read(1,97) Ti
endif
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print*,'Enter the system of units you would like to work in:

print*

print*,"’ 1. Metric {m,KJ,Kg,C,Sec}’
print*,"' 2. English {ft,Btu,Lbn,F,Sec}"’
print*

read*, i

if(i .LT. 1 .O0R. i .GT. 2) then
print*,'Please enter a "1" for Metric units or a "2" for
& English units.'
goto 5

ERE R AR R AR R R KRR R R KRR R R R R X KRR MR KRR R R KRR KR Kk X
EEXKERERERRRRERRR R R WORK IN METRIC UNITS EEEREXREXRRE KRR R KR K
HEKER KRR RRE R R KRR R R R R RN E KRR KRR AR KRR R R R R R Rk Rk Rk ok k

elseif(i ,EQ. 1 ) then
units = 'N*
Ro = 1000.0*Ro IConvert from meters to millineters
L = 100.0*L !Convert from meters to centineters

print180

printi100

printi1i0

print115, (prod(i), i=1,20)
print120, Ro !{an}
print121, L !{ca}
print130, nodes !{integer)
print140, k 1{W/n-C}
print150, rho I|{Kg/n"3}
print160, Cp !{KJ/Kg-K}
print1?0, Ti 1{C}

print*

print*

i = 8

print*,'Type the number of the item which you would like
& to change.'

print*,"’ (type 0 [zero] when you are through making
& changes)'

print200

read*, |



10

20

30

40

50

60

70

if(i .EQ. 0) then
rewind{unit=1)
write(1,91) units
write{(1,95) {(prod{i), i=1,20)
write{(1,92) Ro/1000.0
write(1,92) L/100.0
write{(1,93) nodes
write(1,96) k
write(1,97) rho
write(1,96) Cp
write(1,97) Ti
stop

AR EXEX ASK USER FOR “"NEW" UALUE IF CHANGE REQUESTED BAAE N

elseif(i .GE. 1 .AND. i .LE. 8) then
goto(10, 20, 30, 40, 50, 60, 70, 80) i
else

print*,'You must enter a number between 0 and 8.
print*, 'Press return when you are ready to continue.'
pause
goto 8

endif

print*,'Enter new product name'

read95, {(prod(i), i=1,20)

goto 8

print*, 'Enter new outer radius [an]"’

read*,Ro

goto 8

print*,'Enter new sausage length [cn]"’

read¥*,L

goto 8

print*, 'Enter new number of nodes [<= 20]"'

read*,nodes

nodes = abs{nodes)

if{nodes .GT. 20) then
print*,'Please enter a value of less than 20!'
goto 30

endif

goto 8

print*,'Enter new thermal conductivity [H/n-K]'

read*,k

goto 8

print*,'Enter new mass density [Kg/m*3]"

read*,rho

goto 8

print*, 'Enter new specific heat value [KJ/Kg-K]®

read*,Cp

goto 8
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80 print*,'Enter new initial temperature of sausage [C]'

read*, Ti

goto 8
c
C o o =  m— —— ———————————————————
C KEXEEERREER KR KRR RN R R R R R R R R R R R R R R R R R R R R Rk Kk kK kK
C RXKKEEXRXREXEEERRRR UORK IN ENGLISH UNITS EERRREEKRRE KR KRR KK X
C KEEEEREEXKERARERR R R R R R KRR R AR R R KRR R AR R R R KR KRR R R KRR E R AR R KX
= e e e —————————— e e
c

elseif(i .EQ. 2 ) then

units = 'E"
c
c ———————————————————————————————————————————————————————————————————
c FEEEERXKXXX CONVERT FRON HETRIC TO ENGLISH UNITS %K kb Kok Kk ok
c ———————————————————————————————————————————————————————————————————
c

Ro = (Ro*100.0)/2.54

L = (L*100.0)/2.54

k = k/1.7296

rho = rho/16.018463

Cp = Cp/4.184

Ti = 1.8*Ti + 32.0
c
€ == m e e e e e e e e e e e

c
9 print180

printi00

printi110

print115, (prod(i), i=1,20)

print125, Ro !{inch}

print126, L !{inch}

print130, nodes I{integer)

print145, k | {Btu/hr-ft-F}

print155, rho !{lba/ft"3}

print165, Cp !{Btu/lbm-F}

print175, Ti I{F}

print*

print*
c
c ———————————————————————————————————————————————————————————————————
C EXKERREEREXRERRER MNAKE CHANGES TO DATA 7777 EEXEEEXERKERER KKK
c ———————————————————————————————————————————————————————————————————
c

i = 8

print*,'Type the number of the item which you would like
& to change.'

print*, ' (type 0 [zero] when you are through making
& changes)'

print200

read*, i



c
if(1 .EQ. 0) then
rewind{unit=1)
write{1,91) units
write(1,95) (prod(i), i=1,20)
write{1,92) (Ro*2.54)/100.0
write(1,92) (L*2.54)/100.0
write{(1,93) nodes
write(1,96) k*1,7296
write(1,97) rho*16.018463
write(1,96) Cp*4,184
write{(1,97) (TiI - 32.0)/1.8
stop
c
€ o m e e e e e ——————— e e e e e e

c ¥EEEEXAXE ASK USER FOR “NEW" UALUE IF CHANGE REQUESTED RRERXKR

c
elseif(i .GE. 1 .AND. | .LE. 8) then
goto(15, 25, 35, 45, 55, 65, 7?5, 85) |
else
print*,'You nust enter a number between 0 and §.'
print*, 'Press return when you are ready to continue.'
pause
goto 9
endif
15 print*,'Enter new product nanme’
read9d95, {prod{i), i=1,20)
goto 9
25 print*,'Enter new outer radius [inch]’
read*,Ro
goto 9
35 print*, 'Enter new sausage length [inch]"’
read*,L
goto 9
45 print*,'Enter new number of nodes [<= 207"
read¥*,nodes
nodes = abs(nodes)
if{nodes .GT. 20) then
print*,'Please enter a value of less than 20!°
goto 35
endif
goto 9
55 print*,'Enter new thernal conductivity [Btu/hr-ft-F]"'
read*,k
goto 9
65 print*, 'Enter new nass density [Iba/ft*3]"
read*,rho
goto 9
75 print*,"Enter new specific heat value [Btu/lbm-F]"'
read*,Cp

goto 9
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85 print*,'Enter new Initial temperature of sausage [F]'

read*, Ti

goto 9

endif
c
: AXEXEXEXREERERERRRRER FORMAT STRTEMENTS AEXERRR R KK R KK R KR KK KKK
© mm e e e o e e e e e e
c
91 format(al)
92 format{f7.4)
93 format(i2)
95 format(20a4)
96 format{(f8.4)
97 format(f8.3)
100 format{t12, ' INITIAL SPECIFICATIONS OF MEAT PRODUCT')
110 format(t12," ‘L)
115 format{' 1. Meat Product Name = ',20a4)
120 format(' 2. Outer radius of sausage = ',f6.3,' [an]"')
121 format(' 3, Length of sausage = ',f6.3,' [ca]')
125 format{' 2. Outer radius of sausage = ',f6.3,' [inch]')
126 format{' 3. Length of sausage = ',f6.3,' [inch]')
130 format(' 4. Humber of nodes = ',i2)
140 format{' 5. Initial theraal conductivity = ',{7.3,
& ' [H/n-K1")
145 format{(' 5. Initial thernal conductivity = ',f7.3,
& ' [Btu/hr-ft-F]')
150 format(' 6. Initial mass density = ',f7.2,' [Kg/n*3]")
155 format(' 6. Initial mass density = ',f7.2,' [Ibn/ft*3]")
160 format(' 7. Initial specific heat = ',{7.3," [KJ/Kg-K1')
165 format{' 7. Initial specific heat = ',f7.3,' [Btu/lbm-R]')
170 format(' 8. Initial temperature of sausage ',f7.2,' [C]"')
175 format{(' 8. Initial temperature of sausage ',f7.2,' [F]")
180 format(////7)
200 format(///777777)
999 continue
end

c
[ e

c **&**t***t*#*tk#t**!***#********t*********#*****************#******

c ¥EXREXAXEX END OF PRODUCT SPECIFICATION PROGRAMN KKKk K
R R I

A.1-3 Process Specification Program

The program “Process.for” is used to specify the zones which make up the cook-
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ing process. The program allows the user to specify a zone and the conditions within

that zone. The program is used to specify the following parameters:

1. Total Number of Zones in Data File
2. Zone Name
3. Fluid Type (air, water, or brine)
4. Number of Passes per Zone
5. Average Fluid Velocity
6. Inlet Dry Bulb Temperature
7. Inlet Wet Bulb Temperature
8. Mode of Mass Transfer
yes => consider mass transfer

no => neglect mass transfer)

Each of these parameters must be set before the main simulation program can be

run.

€ = e e o e
C FRAKEEEERER KRR AR R R R KRR R R R R R R AR R R KRR R R KRR R R R R R KRR Rk Rk Rk ok ko
C KEEKEEXERERXKERK PROCESS SPECIFICATION PROGRAN K K K K ok ok ok o K K K Kk
C KRR ERE R AR AR E R R R R R KR AR R R R R RN KRR R R KRR R Rk Kk ok ok ok kX
B o mm e e o o e e e e
c

¢

€ = e e e e e e
C XREKREERXKRRKKRRX KKK PROGRAN DESCRIPTION XK KKk ok ok ok kK kKK kKK K
C = e e e e e
¢

c

c This program is used to edit the process zones. This includes

c entering the following information:

c

c 1. 2one nane

c 2. Fluid type (water, brine, air)
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Number of passes in the zone

. Rverage free stream air velocity

. Entering free stream dry bulb teaperature

. RAverage free stream wet bulb temperature

. Consider nass transfer from product {(yes/no)

-~ W

The program allows the user to enter the above information iIn
either English or Netric (S|) units. The progran creates a
file called 'proc.spc' that contains the above information
stored in metric units.

Uset = Array of zone average free stream air
velocities

Tdb = Array of zone inlet dry bulb temperatures
Twub = Array of zone wet bulb temperatures
Ual = Choice of zone number that user wants to edit
zones = Number of existing zones
pass = Array of zone passes
units = Integer used to determine units choice
i = counter
J = counter
k = counter
fluid = Array of fluld types for each zone (air,

water, or brine,

MassTran = Array of mass transfer modes for each zone
yes => account for mass transfer from product
no => do not account for mass transfer

zone = RArray of zone nanes

hold = used to temporarily store new zone nane

flag = used to flag units choice
M => Hetric (S1) units
E => English units

used = logical variable used to determine if data file
already exists

implicit none

real Uset,Tdb,Tuwb,Val

integer zones,pass,units,i,j,k

character fluid{(20)*8,MassTran(20)*8
character zone(80)*4,hold(4)*4,flag*!
logical used

dimension Uset(20),Tdb{(20),Tub(20),pass(20)
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c
inquire{(file='proc.dat',exist=used)
c
2 Kok Kok ok K K KK KR KR Kk K K CREATE NEW DATA FILE Kok ok K ok ok Kok KoK KoKk Kk KK K
€ = m o o e o o e e
c
if{used .EQ. .FALSE.) then
openf{unit=1,file='proc.dat',status="'new')
zones = |
zone(1) = 'new’
zone(2) = ' !
zone(3) = ' '
zone(4) = ' !
fluid{(1) = 'aipr’
pass(1) = 0
Uset{1) = 0.0
Tdb{1) = -17.7777778
Tub{1) = -17,7777778
MassTran(1) = ‘'no’
c
c ———————————————————————————————————————————————————————————————————
C KEKEEXEREXERERR READ EXISTING INPUT DATAR FILE KEEXREKER KKK KKK
c ———————————————————————————————————————————————————————————————————
c
elseif(used .EQ. .TRUE.) then
open{unit=1,file='proc.dat',status="old"')
rewind{unit=1)
read(1,93) zones
do 10 i = 1,zones
read(1,95,end = 999) (zone(]), J=4%(i-1)+1,4%])
read(1,97) fluid(i),pass(i),Uset(i),Tdb{i),Tub(i),
& MassTran(i)
10 cont inue
endif
c
B mmm e m e m e e e e e e e

¢
close{unit=1,status="'delete’)
open{unit=1,file='proc.dat',status="'neu')
rewind{unit=1)
c
L
c FEEAEREEXERKKRER PRINT INSTRUCTIONS TO SCREEHN EEEEERKEE L KKK KX
C o m e e e
c
print*,'Edit 2one; type the zone nuaber of zone to be edited.'
print*, 'Add 2one; type a zone number one grater than last'
print¥*,’ existing zone.'
print*,'Insert 2one; type a decimal for the zone nunmber.'
print*," (Ex. 1.5 to insert between zones 1 and 2)'
print*,'Renove 2one; type zone number to be renmoved and when'
print*,' asked for zone name type “"remove” (all in'
print*,’' lower case!)'
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print*,'End Editing; type "0" [zero] for zone nunber to edit.'

print180
c
© o e e e e o e ————————————————— e =
c kkkkkkEAEERK DETERMINE “UORKING" UNITS FROM USER XK KRR Kk
o o e
c

print*, 'Enter the system of units you would like to work in:’

print¥*

print*," 1. MNetric {m,KJ,Kg,C,Sec}"’

print¥*, 2. English {Ft,Btu,Lbn,F,Sec}’

print*
15 read*,units

flag = 'N°

if(units ,LT. 1 .0OR. units .GT. 2) then

print*,'Please enter a "1" for Hetric units or a "2" for
& English units.'
goto 15

elseif{units .EQ. 2 ) then
c
C e o e e e e e e e e e e e e e - e = = - e = = = - — - —— - = - - = - - -

c
flag = 'E'
do 32 | = 1,zones
Uset(i) = Uset(i)/0.3048
Tdb(i) = 1.8*Tdb{i) + 32.0
Tub(i) = 1.8*Twb{i) + 32.0
32 contlinue
endif
c
c ———————————————————————————————————————————————————————————————————

c
20 print180
print100
if(flag .EQ. 'H') then
print105
else
printi106
endif
printil10
do 25 i = 1,zones
print120,i,(zone(j), j=4*(i-1)+1,4*%i),fluid(i),pass(i),
& Uset (i), Tdb(i),Tub{i),NassTran(i)
25 continue
print*
print*
¢
c ———————————————————————————————————————————————————————————————————
c RKAKEEREEXKRKRKRKEKKXK MAKE CHANGES TO DATR 2777 AEEXEXXEXKKKKK KKK
€ = e e e e e e e
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i =0
print*,'Type the number of the zone which you would like
%2 to edit.'
print*,’ (type 0 [zero] when you are through making changes)'
print200
read*,Val
i = int{Val)
c
€ = m e e e e e e ———————
c *¥RkEkEEEE SHIFT DATAR SO THAT A 20NE MAY BE INSERTED %%k 3k Xk Kk k kX
© o m e A e — — — — — ——  —  — ————————————— ————————— e e e et
c
if{(i .NE. Ual) then
zones = zones + |
i = i+1
do 27 J = zones,i+1,-1
do 28 k = 4*(j-1)+1,4%]
zone(k) = zone(k-4)
28 continue
fluld(j) = fluld(j-1)
pass(j) = pass(j-1)
Uset(j) = Uset(]-1)
Tdb{j) = Tdb{j-1)
Tub(j) = Twb(j-1)
MassTran{j) = NassTran{j-1)
27 continue
do 29 k = 4*%(j-1)+1,4%]|
zone(k) = ' '
29 continue
zone{4*{i-1)+1) = 'new’
pass(i) = 1
Uset(i) = 0.0
Tdb(i) = 0.0
Tub(i) = 0.0
MassTran(i) = ‘no’
goto 31
c
€ mm e e e e e e e e e e e e e e
C REREEAR ASK USER FOR "NEW" UALUES IF CHANGE REQUESTED LTI

c

elseif{(i .GE. 1 ,AND. i .LE

c

c

c kEFkERRKRAX SHIFT DATA IF NEM

c

c

if(i .EQ. zones + 1) then
zZones = zones + 1
do 50 k = 4*(i-1)+1,4%]
zone({k) = ' '

50 continue
zone(4*(i-1)+1) = 'pew’
fluid(i) = 'air’
pass{i) = 1
Uset(i) = 0.0

20NE IS TO BE RDDED
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Tdb(i) = 0.0
Teub(i) = 0.0
MassTran(i) = ‘'no'’
endif
c
: EEKEXERRRERRR KR % GET NEW 20NE NAME FROM USER ERRRERE KRR KKK Kk A
€ = mm e e o e e e e e e e e
c
31 print*, 'Enter 2one Name [',(zone(j), J=4*(i-1)+1,4%{),']"
read(*,95,end = 999) (hold(]), j=1,4)
if(hotd(1) .NE. ' ' \AND. hold{1) .NE. 'remo') then
do 33 j = 1,4
zone(4*(i-1)+j) = hold(j)
33 continue
c

c REkEXEXEXXR SHIFT DATA IF A 20NE 1S TO BE REMOVED EEEERRRERRE

elseif(hold(1) .EQ. 'remo') then
zones = zones - |
do 35 j = i,zones
do 37 k = 1,4
zone(4*(j-1)+k) = zone(4*(j)+k)
37 continue
fluid{(}) = fluid{}j+1)
passa(j) = pass(j+1)
Uset(]) = Uset(j+1)
Tdb(j) = Tdb(j+1)
Tub(j) = Tub(j+1)
MassTran(j) = MassTran(j+1)

35 cont inue
goto 20
endif
c
c ———————————————————————————————————————————————————————————————————

c RXEAXEXXEXK GET NO. PRSSES, VEL. AND TEMP. FROM USER EEEREX KKK

36 print*, 'Enter New Fluid Type [',fluid(i),"]."
read*,fluid(i)
if(fluid(i) .NE. 'air' ,AND. fluid(i) .NE. 'brine’

g JAND. fluid{i) .NE. 'water') then
print*,'Fluid type must be "air*, "brine", or “"water".'
goto 36
endif

print*, 'Enter Number of Passes [',pass(i),']."’

read*,pass(i)

print*, 'Enter Free Stream Uelocity [',Uset(i),"']."

read*,Uset{i)

print*,'Enter Free Strean Dry Bulb Tenperature [°
e ,Tdb(i1),'1."

read*,Tdb{i)

print*, 'Enter Free Strean Het Bulb Temperature [’
d ,Tub (i), 1.
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read*,Tub{i)
38 print*, 'Consider Mass Transfer From Product (yes/no) [
2 ,HassTran(i), '],

read*,NassTran(i)

if(MassTran{i) .NE. 'yes' ,AND. MassTran{i) .NE. 'no') then
print*, ‘'Answer nust be "yes" or "no".'
goto 38

endif

goto 20

c
elaeif(i .EQ. 0) then
if(flag .EQ. 'E') then
do 40 j = 1,zones
Uset(j) = Uset(j)*0.3048
Tdb{j) = (Tdb(j) - 32.0)/1.8
Twb(j) = (Tub{(j) - 32.0)/1.8
40 continue
endif
write(1,93) zones
do 30 j = 1,zones
write(1,95) (zone(k), k=4*(j-1)+1,4%j)
write(1,97) fluid(j),pass(j),Uset(j),Tdb(}),
& Twb{(j),MassTran(j)
30 cont inue
stop
c
o o e e e e e e e e
c KEEEEXEREXX ERROR MESSAGE IN 20NE NUMBER INCORRECT * KKKk kKK X
C  mmm o e e e e e e e e e e
c
else
print*,'You must enter a number between 0 and
& ,zones+1
print*,'Press enter when you are ready to continue.’
pause
goto20
endif
c
c ———————————————————————————————————————————————————————————————————
C FEEXEXREXKXRREEERRRRR FORMAT STATEMENTS EEEE KRR R AR R KKKk Kk kKK
c ———————————————————————————————————————————————————————————————————
c
close (unit=1,status="'keep"')
93 format(i5)
95 format{4a4)

97 format(a8,i5,f8.4,18.3,18.3,a12)
100 format(t17, ' INITIAL SPECIFICATIONS OF PROCESS PRRAMETERS', /)

105 format{t2,'No. 2one Hane Fluid Pass Uset (m/9)
& Tdb (C) Twb {(C) Mass Tran.')
106 format(t2,'No. 2one HNane Fluid Pass Uset (ft/s)

& Tdb (F) Tuwb (F) Mass Tran.')
110 format(t2,"
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& Y)
120 format{t2,i2,t7,404,t23,a08,t32,12,t39,f7.3,t51,f6.1,t60,

& f6.1,t75,a8)
180 format{/////7)
200 format(///77)
999 continue

end

%%k % kK 2k ok 3k ok 3k ok ok ok ok 3k ok ok 3k ok ok 3k 3k ok 3k ok ok 3k ok 3k ok 3k 3k 3K %k 3k 3k 3k ok 3k 3k 3k ok 3k % ok 3k %k 3k 3k 3 3k 5k ok ok ok % 3% %k %k % ok %k % & % %

c FERREEEXRXX END OF PROCESS SPECIFICATION PROGRAN BRE KRR KRR KK
C KEKEARARE KRR R KRR KRR KRR AR R R R R R KR KRR R AR E R R R R AR R R AR R Rk R R kR Kk K

A.1-4 Main Simulation Program

The simulation program called “Simul.for” is used to simulate the cooking of the
product using the oven design as specified in the “house.dat” file, the product param-
eters as specified in the “prod.dat” file, and the process parameters as specified in the
“proc.dat” file. The simulation program will print out an estimated critical time step
and then ask the user to enter a user time step. The user time step should be smaller
than the critical time step to insure that the simulation will converge. The program will
also ask the user for a output increment. The output increment is used to shorten the
output data files. For example, if the critical time step for a certian zone is 0.135
seconds, the user may wish to enter a user time step of 0.1 seconds. But it would be
wasteful to print out to a data file the simulated values every 0.1 second. Therefore the
user can enter an output increment of 300 and then the program will only print to the

data file at 30.0 second intervals.
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EEEREEEREXKERRAKKERRE SIMULATION PROGRAN EEEEXERKRK KK KK KR KKK X
EEEERE KL R LR RN R KRR RN E R R R R KRR R KRR R KRR KRR R R R R KRR KKk

NOTE: THAT THIS PROGRAN MUST BE LINKED SEPARATELY USING THE
MS LINK PROGRAM. THE PROCEDURE IS TO RUN LINK THEN TYPE
THE PROGRAM NAME 'SIMUL' WITHOUT THE .FOR ENDING. THEN SET
THE BUFFER SIZE TO 2 00050. THEN TYPE g. UHEN RUNNING THE
LINK PROGRAM IT WILL LOOK SOMETHING LIKE THIS:

f sinul
z 00050

g

This progran is designed to simulate the cooking of a product
in a convection oven. It is designed to be able to simnulate
the whole process from water bath through chill brine zones.

This program uses three data input files,

The data file called 'House.dat' is created using the progran
‘house.for'. The data file contains the following infornation
pertaining to the house design.

. Cabinet UHidth

Pass Height

Pass Spacing

Uelocity of conveyance chain

« Stick Spacing

+ Rverage number of hot dogs per stick

U B WA -

An example of the data file is as shown below.
Note column titles are not included in actual data file
and that the data is always stored in metric units.

Cabinet Pass Pass Chain Stick No. of
Hidth Height Spacing Ueloc. Spacing Hot dogs

2.28600 5.02920 ,34290 .027940 .508010 238

The data file called 'Prod.dat' is created using the progran
'Product.for', The data file contains the following information
pertaining to the type of product that is to be simulated using
the simulation progran.

1. HName of Product
2. Outer radius of product
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3. Length of product

4, HNumber of nodes used in radial direction (less than 20)
5. Thermal Conductivity

6. MHMHass density

7. Specific Heat

8. Initial product temperature

An exanple of the dat file is as shown below.
Note that the captions in { } do not appear in the actual
data file, also note that all data is stored in metric units,

E {flag used to distinguish English/Netric units)
Alkar Light Pork {Product Hame}

.0127 {Product radius}
.1524 {Product Length}
5 {Nunber on nodes}
.6054 {Thermnal conductivity of meat}
993,145 {Nass density of meat}
3.5773 {Specific heat of meat)}
32.222 {Initial temperature of product}
The data file called 'Proc.dat’' is created using the progran
‘Process.for’'., The data file contalns the following information

pertaining to the zones that make up the cooking process which
is to be simulated.

Zone nane

Fluid type (water, brine, air)

Number of passes in the zone

Average free strean air velocity

Entering free stream dry bulb temperature
fiverage free stream wet bulb temperature

. Consider mass transfer from product (yes/no)

~N U DN —-

An example data file Is as shown below.

1
Final Cook
air 4 1.5651 79,444 43,333 yes

The simulation progran then uses the information in the three
data files to simulate cooking of the product. The program will
ask the user for a time step and increment used to write the
the data to the output file. The program then sinulates the
cooking of the product and creates two data files. One data
file called 'output.user' presents the data in a manner that

is easy for the user to read. It contains g copy of the
information contained in the three data files along with

the temperature profiles to the free stream and product. The
other data file 'data.graph' contains just the tenperature data
of the free stream and product in a comma separated variable
format that can be read in to a graphing progranm.
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width =
= Height of house (distance from top to bottom of

height

PassSpac
Uchain
StickSpac

Ro

L

k
rho
Cp
Ti
Vol
SA
mass
Uset

Tdb
Tub

T

Hfg
gen
Pinf
B

9

Hh200
Hh2o0inf
Hdot
Loss

ci1
St
S12
S13
crtime
dR

dtine

start
stop
theta
Re

C
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Width of one zone (house width) {m}

one pass {m}

Pass spacing {n}

Uelocity of conveyance chain {mn/sec)

Distance between sticks of product on conveyance

chain {a}

Outer radius of product {m)}

Length of product {a}

Thernal conductivity of product {U/m-K}

Mass density of product{Kg/m"3}

Specific heat of product {KJ/Kg-K)

Initial temperature of product {C}

Uolume of product {an*3}

Surface area of product {m*2)}

Mass of product {Kg}

Array of set point air velocities

for each zone {m/sec)

Array of set point dry bulb temperatures

for each zone {C}

Array of set point wet bulb temperatures

for each zone {C}

Array used to store product internal
tenperatures as the program steps through
time {C}

Radius of node at which finite-difference
calculation Is currently at {n}

Emissivity of product surface {dimensionless)
Stefan-Boltzmann Constant {U/mn*2-K*4}
3.14159 {dinensionless}

Heat of vaporization of water {KJ/Kg}

Energy generation term {H/n*3}

Atmospheric pressure {KPa)

Mass transfer driving force {dinensionless}
Mass transfer conductance {Kg/m"2-sec}

Mass fraction at product surface

Mass fraction at free strean conditions

Mass flux {Kg/m"2-sec)

Percent weight loss of product due

to mass transfer {%)

Used to calculate critical time sten

Used to calculate critical time sten

Used to calculate critical time sten

Used to calculate critical time stenm

Critical time step {sec)

Delta radius used in finite-difference

calculations
{n}

Time step used
{sec)

Time at beginning of zone {sec}

Time at end of zone {sec}

Time used in finite-difference calculations {sec}

Reynolds nunber {dimensionless}

Constant used in Nusselt number approximation

in finite-difference calculations
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Nubar =
= Heat transfer coefficlient for radiation {U/m"*2-K}
hbarC =

he

hbarFP

hbar

Prair

kair

Cpair =
auair =

Prh2o
kh2o

Hdothd
Hdotair
Chd
Cair
Cain
Cmnax

Cr

Area

Ntu
Qmax

Q
Eff

ci
c2

Ta
Tao
Tai
dTa

psydat
Hairin
Hh200
Rhoain
Taout
slope

Thdin
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{dimensionless)

Constant used in Nusselt number approximation
{dimensionless}

Average Nusselt nuaber {dimensionless)

Heat transfer coefficient calculated using a
cylinder in cross flow correlation {U/mn"2-K}
Heat transfer coefficient calculated using a
correlation for flow over a flat plate {U/n"2-K}
Average convective heat transfer coefficient
calculated using hbarC and hbarFP {W/mn*2-K}
Prandt! number of air as a function of
tenperature {dimensionless}

Thermnal conductivity of air as a function

of temperature {H/n*2-K}

Specific heat of alr {J/Kg-K}

Kinematic viscosity of air as a function

of temperature {n*2/sec)

Prandt| number of water as a function of
temperature {dimensionliess}

Thermal conductivity of water as a function

of temperature {U/n*2-K}

Hass flow rate of hotdogs {Kg/sec}

Hass flow of air {Kg/sec)

Heat capacity rate of a hot dog {H/K}

Heat capacity rate of air {H/K}

Minimum heat capacity rate (hot dog or air) {U/K}
Maximum heat capacity rate (hot dog or air) {U/K)
Cnin/Cnax {dimensionless)

Approximate heat transfer area use in heat
exchanger nodel {n*2}

Number of transfer units, used in heat exchanger
mnodel approximation {dimensionless}

Maximum heat flux (used in heat exchanger nodeling
of hot dog and air temperature approx. {U/n"2}
Approximate heat flux corrected for efficiency
of heat exchanger {W/n"2}

Calculated efficiency of heat exchanger model
{dimnensionless}

Constant used in heat exchanger calculations
{dimensionless}

Constant used in heat exchanger calculations
{dimensionless}

Local air temperature in the zone {C}

Leaving zone alr tenperature (bottom of zone) {C)
Entering zone air temperature (top of zone) {C}
Used for a linear approximation of the free strean
dry bulb temperature distribution in zone {C}
Array used in psych subroutine

Humidity ratio of air at top of zone

Humidity ratio of saturated air at T = Tsurface
Density of air at inlet of zone {Kg/n"3)}
Temperature of air at bottom of zone {C}

Used in linear curve fit of Tdb as a function

of position within zone {C/n}

Surface temperature of product at inlet to

zone {C}
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i1
i2

W1
AR
BB
Tstep

iairin
ihdin

Cs =
T2 =
Tseff{ =

Thdout
iairout
iseff
Hseff
Nstar
Hairout
zones
nodes

times

pass

new
passleng
]

count
step

status
inc
hotdogs
units

prod
zone
fluid
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Enthalpy of air at Tdb + dTdb used to estinmate

specific heat of air at Tdb {KJ/Kg}

Enthalpy of air at Tdb - dTdb used to estimate
specific heat of air at Tdb {KJ/Kg)

Humidity ratlo of alr at inlet

Constant used in efficiency calculation
Constant used In efficiency calculation

Used when seeking the iterative solution for
Tseff

Enthalpy of air at top of zone {KJ/Kg)

Enthalpy of saturated alr at top of zone where
T = Tsurface {KJ/Kg}

Effective specific heat {dimensionless}

Used to iterate when finding Thdout {C}
Effective saturated air temperature used when
iterating to fine Walrout {C}

Estimated surface temperature of product at bottonm
of zone {C}

Enthalpy of saturated air at bottom of zone where
T = Tsurface of product {KJ/Kg}

Enthalpy of effective surface at bottom of zone
{KJ/Kg}

Humidity ratio of saturated air at enthalpy of
effect surface {dinensionless}

Capacitance ratio used in cooling tower model
Hunidity ratio of air at bottom of zone

Humber of zones in process {integer]

Nunber of nodes used in finite-difference
approximation {integer)}

Hunber of intervals in the finite-difference
approximation of the time space {integer)

Array of the number of passes in each zone
counter used to step program through zones
counter

counter used to step progran through time space
in finite-difference approximation

counter

integer used in Teaperature array to indicate
column of old temperatures

integer used in Temperature array to indicate
column of new temperatures

Numnber of time steps in needed to conmplete one
pass {integer)

Counter used to keep track of passes and flow
direction

counter used to keep track of printing intervals
interval size used for writing data to output
files

Used in pysch subroutine

increment used to step through Tdb function
Average number of hot dogs per stick

Character variable used to indicate E => English
or i => Hetric units

Array used to store product nane

Array used to store zone names

Array used to store fluid type for each zone
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*air", "brine", or "water"
flowdir = Flag used to tell when product is flowing

parallel with the air stream {(Parallel Flow) or

when the product Is flowing opposite the air

stream (Counter Flow)

HassTran = Flag used to deternine mode of mass transfer

yes => account for mass transfer from product
product surface

no => do not account for mass transfer fronm
product surface

implicit none

real width,height,PassSpac,VUchain,StickSpac

real Ro,L,k,rho,Cp,Ti,V0!l,S5R,nass

real Uset,Tdb,Twb,T,R

real Em,SB,pi,Hfg,gen,Pinf

real B,g,Mh200,Hh20inf,Ndot,Loss

real C11,811,512,513,crtine

real dR,dtime,start,stop,theta

real Re,C,m,Nubar,hr,hbarC,hbarFP,hbar

real Prair,kair,Cpair,nuair

real Prh2o,kh20

real Hdothd,Mdotair

real Chd,Cair,Cmin,Cmax,Cr,Area,Ntu

real Qmax,Q,Eff,C1,C2,Ta,Tao,Tal,dTa

real psydat,Wairin,Uh200,Rhoain,Taout,slope

real Thdin,i1,i2,U1,AR,BB, Tstep

real iairin,ihdin,Cs,T2,Toeff

real Thdout,iairout,iseff,Useff,Nstar,UHairout
integer Zones,nodes,times,pass,i,j,p,n,old,new
integer paaaLeng,u,count,atep,atutua,Inc,hotdoga
character units*1,prod(20)*4,zone(80)*4,fluid(20)*8
character flowdir*16,HassTran{20)*8§

external Prair,kalir,nuair

dimension Uset(20),Tdb(20),Tub(20),puse(20),T(ZO,Z),psgdut(9)

open{unit=3,file='house.dat',status="old"')

rewind{unit=3)

read(3,801) width,height,PassSpac,Uchain,StickSpac,hotdogs
close{unit=3,status="keep')

open(unit-3,fiIe-'prod.dat',atutua-'old')
resind{unit=3)
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read(3,921) units

read(3,900,END = 999) (prod(i), 1=1,20)
read(3,922) Ro

read{3,922) L

read(3,923) nodes

read{3,924) k

read(3,927) rho

read{3,924) Cp

read(3,927) Ti
close{unit=3,status="keep')

c
B oo o e e e e e e e e e
c RExEAAAAR INITIALI2E ARRAY OF TEMPERATURES WITH T<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>