University Libraries
Unlversity af Nevads, Las Végas

UNLV

UNLV Theses, Dissertations, Professional Papers, and Capstones

8-1-2014

CFD Simulation of the Thermal Performance of a Parallel Counter-
Parallel Flow Heat Exchanger for the Treatment of Hypothermia

Alex Heller
University of Nevada, Las Vegas, helleralex2@gmail.com

Follow this and additional works at: https://digitalscholarship.unlv.edu/thesesdissertations

6‘ Part of the Biomechanical Engineering Commons, Biomedical Commons, and the Biomedical Devices

and Instrumentation Commons

Repository Citation

Heller, Alex, "CFD Simulation of the Thermal Performance of a Parallel Counter-Parallel Flow Heat
Exchanger for the Treatment of Hypothermia" (2014). UNLV Theses, Dissertations, Professional Papers,
and Capstones. 2184.

https://digitalscholarship.unlv.edu/thesesdissertations/2184

This Thesis is protected by copyright and/or related rights. It has been brought to you by Digital Scholarship@UNLV
with permission from the rights-holder(s). You are free to use this Thesis in any way that is permitted by the
copyright and related rights legislation that applies to your use. For other uses you need to obtain permission from
the rights-holder(s) directly, unless additional rights are indicated by a Creative Commons license in the record and/
or on the work itself.

This Thesis has been accepted for inclusion in UNLV Theses, Dissertations, Professional Papers, and Capstones by
an authorized administrator of Digital Scholarship@UNLV. For more information, please contact
digitalscholarship@unlv.edu.


http://library.unlv.edu/
http://library.unlv.edu/
https://digitalscholarship.unlv.edu/thesesdissertations
https://digitalscholarship.unlv.edu/thesesdissertations?utm_source=digitalscholarship.unlv.edu%2Fthesesdissertations%2F2184&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/296?utm_source=digitalscholarship.unlv.edu%2Fthesesdissertations%2F2184&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/267?utm_source=digitalscholarship.unlv.edu%2Fthesesdissertations%2F2184&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/235?utm_source=digitalscholarship.unlv.edu%2Fthesesdissertations%2F2184&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/235?utm_source=digitalscholarship.unlv.edu%2Fthesesdissertations%2F2184&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalscholarship.unlv.edu/thesesdissertations/2184?utm_source=digitalscholarship.unlv.edu%2Fthesesdissertations%2F2184&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digitalscholarship@unlv.edu

CFD SIMULATION OF THE THERMAL PERFORMANCE OF A PARALLEL COUNTER-PARALLEL

FLOW HEAT EXCHANGER FOR THE TREATMENT OF HYPOTHERMIA

By

Alex Junzo Heller

Bachelor of Science in Mechanical Engineering
University of Nevada Reno
2009

A thesis submitted in partial fulfillment
of the requirements for the

Master of Science - Biomedical Engineering

Department of Mechanical Engineering
Howard R. Hughes College of Engineering
The Graduate College

University of Nevada, Las Vegas
August 2014



Copyright by Alex Junzo Heller, 2014
All Rights Reserved



UNIVERSITY OF NEVADA LAS VEGAS

THE GRADUATE COLLEGE

We recommend the thesis prepared under our supervision by

Alex Junzo Heller

entitled

CFD Simulation of the Thermal Performance of a Parallel
Counter-Parallel Flow Heat Exchanger for the Treatment of
Hypothermia

is approved in partial fulfilment of the requirements for the degree of

Master of Science in Biomedical Engineering
Department of Mechanical Engineering

Samir Moujaes, Ph.D., Committee Co-Chair

Hui Zhao, Ph.D., Committee Co-Chair

Alexander Barzilov, Ph.D., Committee Member

Moses Karakouzian, Ph.D., Graduate College Representative

Kathryn Hausbeck Korgan, Ph.D., Interim Dean of the Graduate College

August 2014



ABSTRACT

CFD Simulation of the Thermal Performance of a Parallel Counter-Parallel Flow Heat
Exchanger for the Treatment of Hypothermia

By
Alex J. Heller
Samir F. Moujaes, Ph.D.,P.E., Examination Committee Chair
Professor, Department of Mechanical Engineering
University of Nevada, Las Vegas

Hypothermia is a life-threatening condition. Currently, active warming methods are the
most effective treatment for dysthermic patients. The aim of this study is to investigate the use
of computational fluid dynamics (CFD) in evaluating the thermal performance of a
parallel/counter-parallel flow heat exchanger used as part of a fluid warmer to treat
Hypothermia. The 3D model of the heat exchanger is divided into three regions; Infusate (fluid
to be heated), Hot Water (heating fluid), and a Solid Region (wall). At the end of the heat
exchanger, an elbow section is used to create the counter-parallel flow arrangement specific to
this design.

The primary focus of this study involves evaluating heat transfer between the Infusate
and Hot Water regions. Several simulations were performed for varying heat exchanger lengths
(0.6, 1.2, 1.8, and 2.4m). The current CFD predicted values were compared to previously
collected experimental data. In the experimental set-up, the outlet temperature was evaluated
using a center-point temperature probe. The current CFD study evaluated the outlets in terms of
mean bulk temperature to better characterize the thermodynamic average with respect to fluid
flow. Despite this difference, the CFD results of the Infusate outlet temperatures were within
20% of the previously published experimental values. Using a center-point temperature probe,

the CFD simulations were within 8% of the experimental values. It was concluded that the CFD



model accurately represented the thermodynamic characteristics of the heat exchanger and can
be used for future design purposes.

The Hot Water region features a unique geometric variation on the traditional
concentric annulus; a separation along the mid-plane confines the flow to have the area of a
true concentric annulus. As such, CFD was used to investigate the thermalhydraulic effects
within the Hot Water region (semi-annulus). Correlations were developed to predict the
hydrodynamic and thermal developing lengths within the Hot Water region. These correlations
were determined for developing flow at the inlet and after the elbow sections of the Hot Water
region. CFD simulations of the Hot Water region demonstrated increasing hydrodynamic and
thermal developing lengths for increasing Reynolds Number under laminar and turbulent flow.
Increased mass flow rates produce increased forces within the flow area, requiring increased
axial length for thermal and hydrodynamic profiles to stabilize.

Developing effects within a concentric annulus has been addressed in the literature;
however the flow characteristics within the proposed semi-annulus are not as well understood.
A comparative study was performed evaluating the studied Hot Water semi-annulus against a
true concentric annulus. The CFD developed hydrodynamic entrance length correlation for the
Hot Water region (semi-annulus) under laminar flow was compared to a known entrance length
correlation for a true concentric annulus. Due to the separation along the mid-plane of the Hot
Water region, the flow area and wetted perimeter of a true concentric annulus is expected to be
greater than that of the semi-annular geometry. Greater flow interaction with the wall in the
semi-annulus increases the viscous drag on the fluid, resulting generally in a lower non-
dimensionalized developing length as a function of Reynolds Number.

Pressure drop within the Hot Water region was also evaluated and compared to known

properties of a true concentric annulus within the fully developed region. Under both laminar



and turbulent flow, the studied semi-annulus of the Hot Water region demonstrated greater
pressure drop than a true concentric annulus with similar dimensions and flow conditions. The
elbow section of the Hot Water region produced a significant pressure drop, which may be due
to the abrupt change in flow direction resulting in increased centrifugal forces and recirculation
zones.

The thermal and hydrodynamic properties revealed in the CFD simulations can be used
to improve future design considerations, which may lead to improved Hypothermia treatment

protocols and patient care.
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CHAPTER 1

LITERATURE REVIEW

Trauma patients are especially susceptible to Hypothermia due to reduced metabolic
activity, exposure to the environment, blood-volume loss, or disrobing/infusion of cold fluids
during resuscitation. Currently, passive and active warming methods are used to treat
Hypothermic patients. A 1990 paper by Gentilello et. al described a warming method which
showed faster rewarming times than any other method previously evaluated. Continuous
Arteriovenous Rewarming (CAVR), utilizes a fluid warmer which features a parallel/counter-
parallel flow heat exchanger [13]. As part of this study, a thermodynamic model was developed
to predict the progression of the patient’s temperature over time. Figure 1.1 illustrates the

schematic diagram of the thermodynamic system analyzed.

warm water in
|
CAVR heat |exchanger
— .
blood flow direction
T T.
P in
o >
° v
> patient =
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P* Tpp P

Figure 1.1 Schematic Diagram of Thermodynamic System Analyzed [13]



In a later study done by Moujaes and Oliver (1998), the previously described
thermodynamic model was expanded to a 1D numerical simulation to further characterize the
thermal properties of the heat exchanger design. A finite difference approach was used to solve
a two-point boundary value problem. The numerical model was shown to predict outlet
temperatures within 10% of the experimental values [27]. This thesis focuses on expanding
upon this previous work to develop a 3D CFD model to predict the thermal properties of the
heat exchanger, as it is felt that the experimental data provided in the previous study did not
adequately represent the averaged thermodynamic temperatures at the fluid outlets. In the
experimental study, a center-point temperature probe was used at the fluid outlets. In the
current CFD study, mean bulk temperature was evaluated at the fluid outlets instead.

The Hot Water region (semi-annulus) of the proposed heat exchanger features a unique
variation on the traditional concentric annulus geometry; a separation along the center-plane
confines the flow area to half of that of a true concentric annulus. Understanding the fully
developed regime within a given geometry is a critical metric in terms of design applications.
Developing effects within a concentric annulus has been addressed in the literature; however
the flow characteristics within the proposed semi-annulus are not as well understood. Lin et al.
(2000) derived a correlation for the hydrodynamic entrance length of annular-ducts within the
laminar regime [24]. However, this correlation is only applicable to annular-sector ducts within a
range of apex angles. Previous studies by Heaton el al. [17] and Sparrow and Lin [37] utilized
linearization methods to derive correlations for calculating entrance lengths within concentric
annuli as a function of the inner and outer radii. Nouar et al. (1995) provides a review of
different methods for evaluating the entrance effects within a concentric annulus [28]. In a
more recent study, Poole (2010) in a numerical study discusses the developing region

characteristics of a concentric annulus for a range of inner and outer radii ratios [30]. To



characterize the developing region of the Hot Water semi-annulus, a comparative study was

performed with known properties of a concentric annulus.



CHAPTER 2
INTRODUCTION

Hypothermia is a life-threatening condition, whose effect can be more pronounced in
certain patient populations, specifically trauma patients with comorbid hypothermia. Current
treatment of hypothermia involves active and passive methods. Active warming methods have
been shown to be the most effective, but require specialized equipment. Additionally, there are
two forms of active warming methods; invasive and non-invasive. Invasive methods involve the
administration of warmed fluids to patients either intravenously or intra-arterially. Non-invasive
methods utilize warmed forced-air or circulating water blankets which are placed over patients
to maintain normal body temperature. In this study the heat exchanger component of a fluid
warmer (Invasive active warmer) was modeled and evaluated using CFD software. The proposed
heat exchanger consists of two fluid regions; fluid to be warmed (Infusate) and the heating fluid
(Hot Water). This model was used to evaluate heat transfer between the Infusate and Hot Water

region, and also characterize the hydrodynamic properties within the Hot Water region.

2.1 Hypothermia

Normal human body temperature is defined as 37°C. The human body has several
methods of thermoregulation; sweating, vasoconstriction, vasodilation, metabolic rate, and
shivering. Hypothermia occurs when heat lost to the environment surpasses the body’s ability to
generate heat. There are several degrees of Hypothermia [12]:

e Mild (36.5°C — 32°C)

e Moderate (32°C-28°C)
e Severe (28°C-20°C)

e Profound (<20°C)



Figure 2.1 Conduction, Convection, and Radiation Heat Transfer Modes [18]

Maintenance of normthermia (normal body temperature) in humans is dependent on
the body’s ability to adapt to changing environmental conditions. There are three main types of
heat transfer that impact human thermoregulation; conduction, convection, and radiation.
Conduction refers to heat transfer across a temperature gradient through a solid medium. In
humans, conduction typically accounts for 15% of total body heat loss [21]. Convection heat
transfer refers to the thermal interaction of a solid surface with a moving fluid (gas or liquid)
[20]. With respect to human thermoregulation, convection involves heat loss or gain through
the interaction of moving fluids over the skin. Thermal radiation refers to emission of heat
energy as electromagnetic waves. Radiation is a major form of heat transfer in humans,
accounting for as much as 55 — 65% of total body heat loss [6]. Although radiation can account
for a majority of total body heat loss, this can easily be mitigated by decreasing skin exposure to
the environment. Figure 2.1 depicts the three main mechanisms of heat transfer (conduction,
convection, and radiation) [18].

Hypothermia is a serious medical condition that impacts several physiological processes
and is often associated with other conditions. Trauma patients are especially susceptible to

comorbid hypothermia. Several factors may predispose trauma patients to comorbid



hypothermia; blood loss, environmental exposure, age, central nervous system injury, or
cutaneous injuries (burns/open wounds) [12]. Studies have shown better outcomes for patients
with either trauma or hypothermia alone, as opposed to patients with concurrent trauma and
hypothermia [2-3,12,15,23,39]. Currently, the most effective treatments for dysthermic patients
involve active convective heating/cooling devices [2,12,15,23,33-34,39]. Specifically, invasive
methods such as the arteriovenous fluid warmer have demonstrated faster rewarming times

when compared to non-invasive methods [13].

2.2 Treatment of Hypothermia

Current treatment for hypothermia focuses on balancing the effects of heat loss with
the body’s natural ability to thermoregulate. Thermoregulation is tightly regulated through
sweating, shivering, vasoconstriction, and vasodilation. Under cold ambient temperatures,
blood vessels constrict directing blood to the core to conserve heat. Conversely, under hot
ambient conditions, blood vessels dilate directing blood to the periphery to aid in heat
dissipation [7]. Under normal physiological conditions, core temperature fluctuations of a few
tenths of a degree Celsius triggers thermoregulatory responses (shivering or sweating) [29].
However, when the human thermoregulatory system is compromised (trauma, blood loss, or
extreme ambient conditions) the body is unable to compensate and temperature fluctuations
may be more severe.

Treatment for hypothermia involves passive and active efforts. Passive methods involve
removing wet clothing, increasing ambient room temperature, placing blankets on the patient,
and minimizing air flow over the patient. Active rewarming methods can be further classified as
invasive and non-invasive. Non-invasive active rewarming methods include forced-air warming

blankets, heat lamps, or circulating water blankets. Invasive active rewarming methods involve



the use of fluid warmers which warm fluids for intravenous or intraarterial administration to the

patient [25].

2.2.1 Active Rewarming Methods

Current Hypothermia protocols involve the use of active rewarming medical devices. As
previously mentioned, these methods can further be classified as invasive and non-invasive.
Though active rewarming methods have been shown to be more effective at maintaining
normothermia, a combination of passive and active efforts are utilized in the treatment of
hypothermic patients. Currently there are several commercially available body temperature
regulation systems. Common non-invasive active rewarming devices currently used include the
Bair Hugger (by 3M) and Blanketrol Il (by Cincinnati Sub Zero). Figure 2.2 depicts the forced air
warming device by 3M. This type of active rewarming method uses heated air which
continuously cycles through the inflatable blanket which is placed over the patient. The blanket
contains perforations on the patient side which allows the warm air to flow over the patient.
Additionally, the air inside the inflated blanket acts as an insulation layer to minimize heat loss
from the patient [1]. Figure 2.3 depicts the circulating water blanket produced by Cincinnati Sub
Zero. This body temperature regulation system comprises a type of vapor compression cycle to
heat/cool a fluid which is circulated throughout the blanket and then returned to the device for
re-heating/cooling. This unit consists of programmable manual, automatic, or gradient controls
which minimize the temperature fluctuations in the circulating water. In the gradient or
automatic setting, the unit is able to input current patient core temperature within a feedback

loop, adjusting the water temperature accordingly [9].



Figure 2.3 Cincinatti Sub Zero Circulating Water Blanket for the Treatment of Hypothermia [9]

Invasive active rewarming method involve intravenous or intraarterial administration of
warmed fluids. A common commercially available fluid warmer used for the treatment of
Hypothermia is the Level 1 by Smiths Medical. Figure 2.4 depicts the Level 1 produced by Smiths
Medical. This unit features a countercurrent heat exchanger which warms fluids or blood up to

body temperature to be administered to patients. The current model uses an Aluminum heat



exchanger, which has significantly higher thermal conductivity than traditional medical grade
plastics [36]. The Aluminum heat exchanger allows for rapid heating of fluids, which is crucial for

patients with significant blood loss or severe Hypothermia.

Figure 2.4 Smiths Medical Level 1 used for the Treatment of Hypothermia [36]



CHAPTER 3
CFD BACKGROUND

3.1 CFD Modeling

Computational Fluid Dynamics (CFD) utilizes existing physics principles of fluid
mechanics and heat/mass transfer with the computational approach of numerical methods.
Generally, there are three approaches to solving fluid flow problems; Analytical, Experimental,
and Numerical. The analytical approach has the advantage of providing exact solutions to flow
problems, however due to the complexity of fluid mechanics analytical solutions are only
possible for a limited range of problems. The experimental method involves building physical
models of the problem to be tested within a lab setting. Experimental methods provide accurate
solutions to the defined problems, but are usually costly and can be time consuming to refine
the set-up to the desired conditions. The Numerical approach or CFD method involves using
computational methods to determine a relatively accurate approximation to a set of partial
differential equations. The advantage of the CFD method includes; universality, flexibility,
accuracy, and cost [40]. The obvious disadvantage to the CFD approach is that an exact solution
is not obtained. However, CFD can be used to determine a reasonable approximation which can
be used to refine a design or determine initial boundary conditions before beginning costly

experimental analysis.

3.2 STAR-CCM+

STAR-CCM+ is a commercially available comprehensive CFD package created by CD-
Adapco. This software allows the user to complete all of aspects of CFD modeling in one
integrated package. STAR-CCM+ encompasses the following features; 3D modeling, Surface

Preparation, Mesh Generation, Physics Modeling, Turbulence Modeling, and Post-Processing.
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STAR-CCM+ is based on the finite volume method, and is capable of solving a wide range of

physics problems [38].

3.3 General Workflow of CFD Analysis

Figure 3.1 outlines the general workflow of a CFD analysis from start to finish. The first
step of any CFD analysis is to model the geometry to be analyzed (2D or 3D). This is also the
appropriate time to repair the surface of any holes or overlapping faces. Once the geometry is
generated, the user is able to define the surface topology (walls, inlets, outlets, or interfaces).
The mesh generation is the next step in the overall workflow. This is a critical step, as the rest of
the process is dependent on the quality of the mesh generated. The first step in generating the
mesh is to choose the desired meshing models. STAR-CCM+ has two surface mesher models to
improve the quality of the surface mesh (surface remesher, surface wrapper). Re-meshing the
surface is particularly important when the geometry is imported from outside CAD software.
STAR-CCM+ also has several volume mesh models to choose from; Polyhedral, Tetrahedral,
Trimmer, Prism Layer, Thin Mesher, Generalized Cylinder, and Extruder. Next the physics models
need to be defined. This is entirely dependent on the type of solution desired. STAR-CCM+
includes several physics models to choose from; single/multi-phase fluid flow, turbulence, heat
transfer, compressibility, combustion reactions, and many others [38]. This is also the time to
define the initial and boundary conditions. After the physics models have been chosen, monitors
or plots need to be defined based on the needs of the user. This also includes desired stopping
criteria. The solution is now ready to run. After the solution has converged, the results can be

analyzed and graphed according to the users preferences.
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Figure 3.1 General Workflow of CFD Analysis [38]

3.4 Mathematical Models

The system of governing equations to describe the flow consists of the continuity,
conservation of momentum, and the conservation of energy system of equations. Additionally,
the Hot Water region was modeled as turbulent flow. The k-g turbulent model was chosen for

the Hot Water region.

The Continuity Equation:
The continuity equation describes the conservation of mass and is expressed in

cylindrical coordinates as follows [20]:

ap , 10 19 2
a—’: + ;;(prvr) + ;E(pvg) + E(,sz) =0 [1]
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Where:
V,, Vg, V, = Velocity components in the r, 6, z directions (Figure 3.2)
p = Fluid density
t=Time

y e

Figure 3.2 Cylindrical Coordinate System [20]

For incompressible flow the continuity equation reduces to [20]:

10 10vg | Ovz _
. (rvr)+r + Z—O [2]

Conservation of Momentum Equations:

The conservation of momentum equations, also known as the Navier-Stokes equations,
follows Newton’s second law of motion: the rate change of momentum of a body is equal to the
net force acting on it [40]. There are two types of forces acting on a finite volume element; body
forces and surface forces. Body forces act directly on the fluid from an outside source. Examples
of body forces include gravity, electro-magnetic, or Lorentz forces. Surface forces include
pressure or frictional forces which act between adjacent fluid elements or between fluid
elements and a wall [40]. The three Navier-Stokes equations in cylindrical coordinates, assuming
constant density, Newtonian fluid, and constant viscosity are expressed as follows [20]:

13



a ) vy 9 ) o 9 il
p(vra’frr+u_9 1]r—vi+17ﬂ'|'ﬂ)=pgr__p+ [Br(rar(r r)) Y e T Ur] o

r 96 r Z 9z at ar r2 902 12 90 dz2
dvg | vgdvg | Vrvg vy avg) [ 10%vg 2 avr 92 179]
v — 4+ =) = ——— -—(rv, — = 4
p(Tar+r t g, o) = Pge rae+ ar\ra ( 6)) ¥ 750 "17 00 T [4]
v,  vgdvy vy avz) op [1 a ( sz) 1 0%v, azvz]
v ———+v,— -— -——\r—=)+= 5
'D(rar+r66+zaz+ Pz az+’ur6r ar +r2092+622 [5]

Where:
g, 8o, 8, = Body Forces (component direction)
1 = Fluid Viscosity
P = Hydrostatic Pressure
V,, Vg, V, = Velocity components in the r, 6, z directions
p = Fluid density
t=Time
Conservation of Energy Equation:
The principle for the Conservation of Energy equation is based on the first law of
Thermodynamics: Energy can neither be created nor destroyed. Neglecting nuclear,

electromagnetic, or radiation energy transfer the conservation of energy equation can be

expressed as [20]:
pp——V kVT—i—,BT +,uCD [6]

Where:
¢, = Specific heat at constant pressure
k = Thermal Conductivity
p = Pressure
[ = Coefficient of thermal expansion
@ = Dissipation function

The coefficient of thermal expansion can be expressed as [20]:

p=-2f2)

The dissipation function accounts for energy loss due to friction, which is essential when
modeling high velocity flow or fluids with high viscosity properties. The dissipation function can

be expressed in cylindrical coordinates for an incompressible fluid as [20]:
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Turbulence Modeling:

For the turbulent regime in the Hot Water region, a Reynolds-Averaged Navier-Stokes
(RANS) model was used. The RANS model is the oldest method of turbulence modeling still
utilized in CFD analysis. The advantages of the RANS model include simplicity, low
computational cost (relative to more complicated models), and a broad selection of models to
choose from. The RANS equation can be written as [40]:

0 |, 0 (i) = — 22 4 vy 2T Q)
TP oy (W) = =55+ uVw) =52, 525 =0

(9]
Where:

T; = Reynolds stress tensor

k-g (Two-Equation model):

One commonly used method in the RANS family is the two-equation model. In the two
equation model, the velocity and length scale of turbulence are determined via the addition of
two partial differential equations [40]. Since the velocity and length scales are evaluated as
functions of space and time with respect to the local flow field, this model is generally applicable
to any flow configuration. For this study the most common two-equation model (k-epsilon) was
utilized. The two variables being modeled in the k- model are k (turbulent kinetic energy) and ¢
(rate of viscous dissipation). The respective transport equations for the k- model are written as
follows [40]:

For k,

ok NOk O O 9K O P !
Pt Pl 3 = Ty ot = pe+ o [uaxj o 5 i) + | 0]

1 2 3 4
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The first two terms form the material derivative of k, which describe the rate of change of k with
respect to a fluid particle transported by the mean flow. The physical interpretation of the terms

on the right side of the equation is [40]:

1. Rate of energy production
2. Effect of viscous dissipation
3. Molecular diffusion of k
4. Diffusion by turbulent motion
Foreg,
¢ P oo p e oo 0 [(, )0
pIE+ pl) 3 = CarPi = Ceap s+ | (1 +) 7] [11]

Where Py is the turbulent kinetic energy production determined by:
= . 0w _ oy 0w  Ow)
Pk = Tl] ax; - p(uluj ox; - Z.Ut(511> ox; [12]
Five model constants are necessary to solve the system of partial differential equations. These

five constants may differ slightly based on given flow conditions, however the most common

values used are given in Table 3.1.

Table 3.1 Closure Coefficients for k- Model [40]

k-epsilon Model
Coefficient | Value
g 0.09

G 1.44

o 1.92

o: 1.3

Iy 1.0
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STAR-CCM+ Turbulence Modeling:

STAR-CCM+ has four major classes of turbulence models to select from; Spalart-Allmaras
models, k-epsilon, k-omega, and Reynolds stress transport models. The Spalart-Allmaras model
is usually used for flow conditions in which the boundary layer is mostly attached, and it
typically used for aerospace applications. Reynolds stress transport model is the most complex,
and as such the most computationally heavy model. This type of model is typically reserved for
applications in which the turbulence is strongly anisotropic. The k-epsilon and k-omega models
are similar in that two-transport equations are solved. The k-epsilon model is a good
compromise between computational cost and accuracy [38]. The k-epsilon model was chosen

for the applications of this study.

Realizable Two-Layer k-epsilon turbulent model:

This turbulent model combines the Realizable k-epsilon model with the two-layer
approach. The Realizable k-epsilon model was developed by Shih et. al (1994) [32]. The
transport equations and descriptions of the Realizable k-epsilon model are fully described in the

STAR-CCM+ user manual [38].

Two-Layer Turbulent Approach:

This turbulent model was first described by W. Rodi in 1991 [31]. The two-layer
approach combines a one-equation model with the two-equation k-epsilon model. The one-
equation model solves for turbulent kinetic energy (k), and uses the k-epsilon model to
determine the rate of viscous dissipation (&) algebraically with the distance from the wall. The
description and formulation for the two-layer turbulent model is fully described in the STAR-

CCM+ user manual [38].
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Realizable Two-Layer k-epsilon Turbulence Model:

This turbulence model combines the Realizable k-&¢ model with the two-layer approach.
The advantage of using this approach is ability to use an all y+ wall treatment, which is able to
approximate near-wall turbulence for a variety of mesh densities. This turbulence model was

chosen to model the turbulent flow within the Hot Water region.

Near-Wall Treatment Methods:

Near-wall modeling can impact the accuracy of numerical simulations, specifically in
turbulent regimes as vorticity and turbulent fluctuations are strong near the wall [40]. There are
several problems with the RANS model in regards to near wall turbulence. The mean flow
velocity decreases as it approaches a no-slip boundary, as the mean velocity decreases so does
the Reynolds number. At some point near the wall (with decreasing Reynolds number) the flow
transitions from turbulent to laminar. Turbulent fluctuations continue to decrease as the wall is
approached; the wall tends to prevent such fluctuations. This phenomenon is known as the
viscous sub-layer [20]. The length scale computed by the RANS turbulence model decreases near
the wall, which requires a reduction in the number of grid steps in the direction normal to the
wall [40]. Another issue of the decreasing turbulent fluctuations near the wall is the inability of
the RANS model to accurately model the turbulent stresses. Even with a high mesh density near
the wall, the RANS model over-predicts the turbulent stress near the wall. This is further
compounded by inaccurate predictions of near-wall momentum estimations leading to
inaccurate modeling of the entire flow field. One method of resolving this issue is increasing the
mesh density near the wall. However, this greatly increases the computational power needed.

Additionally, the viscous sub-layer is so thin for high Reynolds numbers that it becomes
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impractical to simply increase the mesh density near the wall to compensate. An alternate
approach to model the turbulent fluctuations near the wall involves using wall functions [40].
When using wall functions, turbulence modeling is only applied up to a certain distance
away from the wall. Near the wall, the solution is approximated using wall functions which are a
set of mathematical relations that are used to obtain the boundary conditions near the wall for
the continuum equations. There are several assumptions utilized when using wall functions [38]:
e Consistent set of assumptions regarding the velocity, turbulence, and other
scalar quantity distributions.
e Assumption that the chosen turbulence model is only valid outside the viscous
dominated region of the boundary layer.
e The centroid of the near-wall cell lies within the logarithmic region of the
boundary layer.
The advantage to using wall functions is the increased accuracy of the solution near the wall and

a significant computational savings due to the ability to use a coarser mesh density.

Wall Treatment STAR-CCM+:
STAR-CCM+ utilizes wall treatments as opposed to wall functions. The difference is that
a wall treatment is a set of near-wall modeling assumptions, where as a wall function uses only
one type of wall treatment. Depending on the flow conditions modeled, STAR-CCM+ has three
types of wall treatments [38]:
e High-y+ wall treatment: Applies wall-function approach, assumes that the near-
wall cell lies within the logarithmic region of boundary layer.
o Low-y+ wall treatment: This treatment is only suitable for low-Reynolds number

flows, and assumes the viscous sub-layer is properly resolved.
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o All-y+ wall treatment: A hybrid of the high-y+ and low-y+ wall treatments. This
treatment emulates the high-y+ treatment for coarse meshes and the low-y+
treatment for fine meshes. This method is also suitable for intermediate mesh

densities.

Wall Law Formulations:

The wall law formulation to estimate near wall turbulence is fully described in the STAR-

CCM+ user guide [38].
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CHAPTER 4

DESCRIPTION OF PROBLEM GEOMETRY

Figure 4.1 depicts the schematic diagram of a cross section of the proposed heat
exchanger. The cross section shows two concentric rings connected by a thin wall which runs
the length of the heat exchanger. Four different heat exchanger lengths were evaluated in this
study; 0.6m, 1.2m, 1.8m, and 2.4m. The fluid to be warmed (Infusate) flows inside the center
pipe (3.0mm diameter), which runs the length of the heat exchanger. The warmer fluid (Hot
Water) flows along the outer annulus in both a parallel and counter-parallel flow arrangement.
The entrance section of Hot Water region is parallel to the flow of the Infusate region. At the
end of the heat exchanger, an elbow allows the Hot Water flow to return in a counter-parallel
arrangement to the Infusate region. The elbow consists of a spherical cross section with a
diameter of 9.5mm. Separating the Infusate and Hot Water fluid regions is a thin wall section or
solid region. The Wall region is composed of a thermally conductive plastic material which

allows heat transfer between the Infusate and Hot Water regions.
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Figure 4.1 Schematic Diagram of Proposed Heat Exchanger (Length Varies 0.6 — 2.4m)

4.1 3D Modeling of the Geometry

The 3D geometry was generated using the modeling software Solidworks. Figure 4.2
depicts the flow orientation of the heat exchanger being evaluated. The Infusate region consists
of a cylindrical pipe with a diameter of 3.0mm which runs the length of the heat exchanger. The
Infusate region is heated by the warmer fluid (Hot Water region), which flows in a parallel and
counter-parallel arrangement to the Infusate region. The parallel/counter-parallel flow
arrangement is achieved through an elbow section at the end of the heat exchanger. Figure 4.3
illustrates the relation between the Infusate and Hot Water regions, as well as the configuration

of the elbow section.
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Figure 4.2 Flow Orientation of the Evaluated Heat Exchanger

Figure 4.3 3D Model of Hot Water Region (Red) and Infusate Region (Blue)

23




CHAPTER 5

MESHING AND BOUNDARY CONDITIONS

5.1 Mesh Generation

The 3D geometry created in SolidWorks was imported into the commercial CFD software

STAR-CCM+ to complete the mesh generation and numerical solution.

5.1.1 Infusate Region Mesh
Mesh Selection:

Surface Mesh:

Mesh generation was completed using STAR-CCM+ after importing the 3D
geometry from Solidworks. The initial surface did not adequately capture the geometry
of the Infusate region and required refinement. The model “Surface Remesher” was used to
improve the surface quality of the imported geometry. Surface Remesher re-triangulates the
imported geometry surface, making the surface more optimal when generating the volume
mesh. Figure 5.1 shows the initial imported geometry mesh and the remeshed surface for the
Infusate region. The remeshed surface is much finer, which more accurately captures the details

of the imported geometry.
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Figure 5.1 Initial Surface vs. Remeshed Surface of Infusate Region

Volume Mesh:

For the Infusate region of the geometry, three volume mesh models were chosen; prism
layer, generalized cylinder, and polyhedral. The polyhedral model was chosen as the core
volume mesher based on its general solution accuracy and ability to achieve equivalent accuracy
to tetrahedral models using several times fewer cells. The prism layer module was chosen to
improve the accuracy of the flow solution near the wall. This particular model is specifically
important in determining the forces and heat transfer near the walls. The generalized cylinder
model was chosen to help increase the efficiency of the solution. This type of model is best
suited for geometries that are roughly cylindrical in shape, such as pipe flow. For pipe flow, the
solution can be solved more efficiently if the mesh is oriented parallel to the fluid flow. Figure
5.2 depicts the generated volume mesh of the Infusate region, highlighting the different volume

mesh models utilized.
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Figure 5.2 Generated Volume Mesh for Infusate Region

Grid Independency Infusate Region:

When performing a CFD analysis, it is crucial to the accuracy of the final solution that
the grid independency criterion is satisfied. Grid independency occurs when the solution no
longer varies with increased mesh density. The Infusate region was modeled as laminar flow in
the CFD analysis, so a grid independency was performed to ensure solution accuracy while
minimizing required computational power. Using a mesh density greater than what is
discovered during the grid independency would likely only result in a negligible increase in
solution accuracy. However, the computational requirements will be much greater and require
more time to solve the system partial differential equations.

Due to the similar geometries of the different heat exchanger lengths, a grid
independency was performed for the 0.6m geometry and the determined mesh conditions
utilized for the remaining heat exchanger lengths. A volumetric flow rate of 15ml/min (Reynolds
Number 81) was used for the grid independency of the Infusate region. A coarse mesh of about
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80,000 cells and a fine mesh of about 1,000,000 cells were used for this analysis. Figure 5.3
depicts the generated volume meshes for the range of mesh densities tested (80,000 —
1,000,000 total cells). The axial velocity along the center-line of the Infusate region outlet was
evaluated (Figure 5.4). Table 5.1 documents the mesh conditions used for each run of the grid

independency.

Table 5.1 Mesh Conditions Used for Variation of Mesh Density (80,000 — 1,000,000 total cells)

Run 1 Run2 | Run3 Run 4
Total Cells 84,040 | 126,060 | 436,435 1,061,960
Base Size [mm)] 1.50 0.35 0.15 0.10
Number Prism Layers a a a 2
Prism Layer Thickness [mm] | 0.375 0.09 0.0375 0.025
Target Surface Size [mm] 1.5 0.35 0.15 0.1
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Run 3: Total Cells 436,435 Run 4: Total Cells 1,061,960

Figure 5.3 Generated Volume Mesh Densities Used in Grid Independency
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Figure 5.4 Cross Section Used for Axial Velocity Profile in the Grid Independency
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Infusate Outlet Axial Velocity Profile for Varying Mesh Density
2
1.5 -
€ 1
S
05 84040 Cells
o
p 126060 Cells
2 .
& —— 436435 Cells
o O 0.08
.05 ——— 1061960 Cells
=
()
-
g -1
(o]
-1.5 -
_2 - -
Axial Velocity [m/s]

Figure 5.5 Comparison of Axial Velocity Profiles at Infusate Outlet for Increasing Mesh Density

Figure 5.5 depicts the axial velocity profile at the Infusate outlet for the increasing mesh
densities evaluated in the grid independency. The average difference between the axial velocity
for the 126K and 1,000,000 mesh densities is less than 2%. As such, the mesh density of 126K
was determined to be acceptable for the purpose of this study. As the total number of cells
increase, the required computational power and solution time increases proportionally. The
chosen mesh conditions were determined to accurately capture the flow conditions while
efficiently utilizing computational resources. As such, the mesh conditions for the 126K mesh
density were utilized for the production runs (Refer to Table 5.1). These mesh conditions were
used for the additional heat exchanger lengths evaluated, which resulted in an increase in total

cells proportional to the increase in heat exchanger length.
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5.1.2 Hot Water Region Mesh
Mesh Selection:

Surface Mesh:

The surface remesher model was also used for the Hot Water region to improve the
overall surface quality of the imported geometry tessellation. Figure 5.6 depicts the initial

surface and the remeshed surface for the Hot Water region.

Figure 5.6 Initial Surface vs. Remeshed Surface of Hot Water Region

Volume Mesh:

For the Hot Water region, two volume mesh models were utilized; prism layer and
polyhedral. As with the Infusate volume mesh, the polyhedral model was chosen as the core
volume mesh model based on its general solution accuracy. The prism layer module was also
chosen to improve the accuracy of the flow solution near the wall. The generalized cylinder

mesh was not chosen due to the sharp turn in the elbow section, which made using this type of
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volume mesh model impractical. Figure 5.7 depicts the generated volume mesh for the Hot

Water region, highlighting the different volume mesh models utilized.

Prism Layer Mesh

Polyhedral Mesh

Figure 5.7 Generated Volume Mesh for Hot Water Region

Determining the Accuracy of the Hot Water Volume Mesh:

The Hot Water region was modeled as turbulent flow based on estimated Reynolds
numbers. Specifically, a realizable two-layer K-epsilon turbulence model was chosen for the Hot
Water region. The default wall treatment for this model is the all-y+ wall treatment. This is a
hybrid wall treatment which provides the most flexibility in terms of mesh density. The all-y+
wall treatment emulates the high-y+ treatment for coarse meshes and the low-y+ treatment for
fine meshes. This method is also suitable for intermediate mesh densities. For the best solution
accuracy, STAR-CCM+ recommends that the Wall Y+ values be in the range of 1 — 60 when using

the all-y+ wall treatment [38]. Figures 5.8 — 5.11 depict the Wall Y+ distribution near the wall of
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the Hot Water region for the evaluated heat exchanger lengths (0.6, 1.2, 1.8, and 2.4m). Table
5.2 documents the Hot Water region mesh conditions for the different heat exchanger lengths
evaluated. The Wall Y+ values were within the STAR-CCM+ recommended range, and the chosen

mesh conditions were determined to be acceptable for the production runs.

Table 5.2 Hot Water Region Mesh Conditions for Evaluated Heat Exchanger Lengths

0.6mHE | 1.2m HE| 1.8m HE | 2.4m HE
Total Cells 238,540 | 466,613 | 764,740 | 954,623
Base Size [mm] 0.60 0.60 0.60 0.60
Number Prism Layers 1 1 1 1
Prism Layer Thickness [mm] (.39 0.6 0.75 1.05
Surface Size Range [mm] 0.24-0.75|0.2-08|0.2-0.8|D.2-0.8

Wall Y+ Distribution (0.6m Heat Exchanger)
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Figure 5.8 Wall Y+ Distribution of Hot Water Region (0.6m Heat Exchanger)
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Wall ¥+ Distribution (1.2m Heal Exchanger)
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Figure 5.9 Wall Y+ Distribution of Hot Water Region (1.2m Heat Exchanger)

Wall Y+ Diistricution (1.8m Heat Exchanger)
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Figure 5.10 Wall Y+ Distribution of Hot Water Region (1.8m Heat Exchanger)
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Wall ¥+ Distribution (2.4m Heat Exchanger)
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Figure 5.11 Wall Y+ Distribution of Hot Water Region (2.4m Heat Exchanger)

5.1.3 Wall Region Mesh
Mesh Selection:

Surface Mesh:

The surface remesher model was also used for the Wall region to improve the overall
surface quality of the imported geometry tessellation. Figure 5.12 depicts the initial surface and

the remeshed surface for the Wall region.
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Figure 5.12 Initial Surface vs. Remeshed Surface of Wall Region

Volume Mesh:

For the Wall region only one type of volume mesh model was used. The thin mesher
model is specifically designed for thin regions. The thickness of the Wall region is approximately
0.33mm. The thin mesher model generates a prism layer type volume mesh in thin regions. This
type of model is also able to determine whether or not portions of the geometry are considered
“thick” or “thin”. The portions the model recognizes as thin are modeled as a prism type volume
mesh. The portions the model recognizes as thick are modeled as a polyhedral type volume
mesh. Figure 5.13 depicts the generated volume mesh for the Wall region for the 0.6m heat
exchanger. Similar mesh conditions were used to generate the volume mesh for the Wall region

for the additional heat exchanger lengths evaluated.
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Figure 5.13 Generated Volume Mesh for Wall Region

5.2 Significance of Research

A correlation has been developed to determine the theoretical impact the infusion of

fluids have on core temperature [4]:

Thermal Stress of infused fluids
AT .ore = [13]
(W X Cp,patient)
Thermal Stress = [(Tcore — Tfluids) X Cp,fuids X Vfluids] [14]

Where:
W = Weight of patient (kgs)
Cp patient = Specific heat of patient (0.83 kcal/L/°C) [10]
Teore = Patient core temperature
Thuigs = Temperature of infused fluids
Cr figs = Specific heat of infused fluids
Viuigs = Volume of infused fluids

Bondok described a typical trauma scenario with the infusion of room temperature

fluids to an adult patient. Based on the above correlation, the infusion of 4.3L of room
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temperature fluids to the patient would result in a decrease of 1°C core temperature in an
awake/alert patient and 1.5°C core temperature decrease in an anesthetized patient. This is a
significant change in core temperature, especially considering the increased risk of Hypothermia
in trauma patients. A study by Boyan and Howland in 1961 first demonstrated the harmful
effects of infusion of cold fluids. They showed a reduction of 0.5 — 1.0°C in core temperature of
anesthetized cancer patients following the infusion of 0.5L of cold blood [5].

In regards to fluid warmers, studies have shown that blood can safely be warmed to
42°C for infusion without causing hemolysis [35]. This is a critical metric in the design of fluid
warmers for the treatment of Hypothermia. CFD simulations can be used to help predict the
right combination of flow rate and heating fluid temperature to regulate the desired Infusate

outlet temperature, prior to setting up costly experiments.

5.3 Model Description

This particular heat exchanger is used as part of a medical device to warm hypothermic
patients. The device is designed to warm fluids or blood which is then provided to the patient
intravenously or intra-arterially. It was assumed that heat transfer would occur between the
Infusate and the Hot Water regions along the parallel and counter-parallel side. Additionally, the
outer-surface of the heat exchanger was assumed to be adiabatic, so all heat transfer would
occur locally between the Infusate and Hot Water regions. For the purposes of this simulation,
water was chosen as the working fluid for both the Infusate and Hot Water regions. The Wall
region was modeled as a thermally conductive polymer. The specific material properties used in

the simulation are given in Table 5.3.
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Table 5.3 Material Properties for Fluid and Solid Regions

Material Properties

Water | Thermally Conductive Palymer
Density [ke/m’] 997.561 1840
Specific Heat [I-kg/K] 4181.72 0o
Thermal Conductivity [W/m-K] | 0.62027 20

5.4 Boundary Conditions

As previously mentioned, heat transfer was considered between the Infusate and Hot
Water regions. The outer-surface of the heat exchanger was considered to be adiabatic. Two
main boundary conditions for the solution were the inlet temperature of the Hot Water and
Infusate regions. Both regions were modeled with a uniform entrance temperature.
Additionally, the mass flow rate at the inlet for both the Hot Water and Infusate regions were
modeled as a constant uniform entrance flow rate. The final boundary condition imposed
involved the Hot Water and Infusate outlet, which were assumed to be at atmospheric pressure
(1 atm). A basic energy balance was performed between the Hot Water and Infusate regions.
The solution was allowed to run until the percent difference between the heat gained by the

Infusate region and heat lost by the hot water region was less than 2.0%.

The heat lost by the hot water region was calculated using the following equation:

—Q = myCpy(Toy — Tin) [15]

Where:
my = Mass Flow Rate Hot Water
Cr 11 = Specific Heat Hot Water Region
Tin = Inlet Temperature Hot Water Region
Ton = Outlet Mean Bulk Temperature-Hot Water Region

The heat gained by the Infusate region was calculated using the following equation:
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Q= mCp;(To; —Tip) [16]
Where:
m, = Mass Flow Rate Infusate
Cp, = Specific Heat Infusate Region
Ti) = Inlet Temperature Infusate Region
T,, = Outlet Mean Bulk Temperature-Infusate Region
Mean bulk temperature is often used as a local reference temperature when evaluating
convective heat transfer, especially when considering pipe flow. Mean Bulk temperature is
defined as follows [20]:
mCyTy = fOTO pCpv, T 2mrdr [17]
Where:
Mass flow rate is given by:
m = [° pv,2mrdr [18]
Assuming constant properties, combining [18] into [17] yields:

70y, Trdr
Jo verar [19]

T = fo vy rdr

Mean Bulk temperature is typically evaluated over a specific cross-sectional area within
the flow field. Since the calculation of the mean bulk temperature takes into account the mass
flow rate of the moving fluid, this method provides a more accurate representation of the
average temperature of the moving fluid when compared to a simple surface average
temperature. In the previous experimental study [27], the outlet temperature was measured
using a single center-point temperature probe. In the current study, 3D CFD modeling was used
to more accurately represent the entire flow area, allowing for the calculation of mean bulk
temperature over the entire cross-sectional area at the outlets. Evaluating in terms of mean bulk

temperature more accurately characterizes the thermal properties of the heat exchanger.
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In this thesis, a 3D CFD model was developed to accurately capture physical
characteristics of the parallel/counter-parallel flow heat exchanger. Simulations were run for
four different heat exchanger lengths (0.6m, 1.2m, 1.8m, and 2.4m). Additionally, four different
sets of boundary conditions were considered in this study. The first set of conditions evaluated
the effect of heat exchanger length on Infusate outlet temperature. Infusate inlet mass flow rate
and temperature were held constant for each heat exchanger length (15ml/min and 10°C). This
study was repeated for an Infusate inlet mass flow rate of 50ml/min. Next, the effect of Infusate
inlet mass flow rate on outlet temperature was evaluated. Only the 2.4m heat exchanger was
considered in this study, with constant Hot Water inlet temperature and mass flow rate (42°C
and 750ml/min). The Infusate inlet temperature was held constant at 10°C with increasing inlet
mass flow rate. This study was repeated for an Infusate inlet temperature of 20°C. The boundary
conditions used in the current CFD analysis were chosen based on a previous study by Moujaes
and Oliver (1998). The results of the previous experimental study were then compared to the
current CFD results. The boundary conditions used in the CFD comparison to the experimental
data are given in Tables 5.4 — 5.7. Additional simulations were run to develop hydrodynamic and
thermal entrance length correlations for the Hot Water region under laminar and turbulent

flow.

Table 5.4 Boundary Conditions Evaluating Infusate Outlet Temperature vs. Exchanger Length

Infusate Cutiet Temp vs. Exchanger Length (Boundary Canditions)
Heat Exchanger | Infusate Inlet| Infusate Inlet Mass | Hot Water |Hot Water Iinlet Mass
Length [m] Temp [C] |Flow Rate [ml/min] [Inlet Temp [C]| Flow Rate [ml/min]
0.6 10 15 416 1700
1.2 1a 15 41.55 1165
1.8 10 15 41.65 920
24 10 15 41.58 785
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Table 5.5 Boundary Conditions Evaluating Infusate Outlet Temperature vs. Exchanger Length
(Increased Infusate Inlet Flow Rate)

Infusate Outlet Temp vs. Exchanger Length (Boundary Conditions)
Heat Exchanger | Infusate inlet| Infusate Inlet Mass | Hot Water | Hot Water Inlet Mass
Length [m] Temp [C] Flow Rate [mlfmin] | Inlet Temp [C]| Flow Rate [mi/min]
0.6 10 50 41.6 1700
1.2 10 50 41.55 1185
1.3 10 50 41.55 520
2.4 10 50 41.6 Fis]

Table 5.6 Boundary Conditions Evaluating Infusate Outlet Temperature vs. Infusate Inlet Flow Rate

Infusate Cutiet Temperature vs. Infusate Inlet Mass Flow Rate (Boundary Conditions)
Heat Exchanger | Infusate Inlet | Infusate Inlet Mass | Hot Water Inlet | Hot Water Inlet Mass
Length [m] Temp [C] Fiow Rate [mlfhr] Temp [C] Fiow Rate [mlfmin]j
2.4 10 500 42 750
24 10 1500 42 750
2.4 10 2500 42 750
24 10 3500 42 750
24 10 5000 42 750

Table 5.7 Boundary Conditions Evaluating Infusate Outlet Temperature vs. Infusate Inlet Flow Rate
(Increased Infusate Inlet Temperature)

Infusate Cutiet Temperature vs. Infusate Inlet Mass Flow Rate (Boundary Conditions)
Heat Exchanger | Infusate Inlet | Infusate Inlet Mass |Hot Water Inlet| Hot Water Inlet Mass

Length [m] Temp [C] Flow Rate [ml/hr] Temp [C] Fiow Rate [mlfmin]

2.4 20 500 432 750

2.4 20 1500 42 730

2.4 20 2500 432 750

2.4 20 3500 42 730

2.4 20 4500 432 750

2.4 20 6000 42 730

The following assumptions were made for the simulations:

e The outer-surface of the heat exchanger was assumed to be adiabatic

e Convection heat transfer was assumed between the Infusate and Hot Water

regions.

e No-slip condition at the walls of the fluid regions
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e Laminar flow in the Infusate region
e Turbulent flow in the Hot Water region
e Incompressible

To help characterize the hydrodynamic properties of the heat exchanger, as well as
determine the correct physics models to utilize within the CFD simulations, Reynolds Numbers
were determined. The Reynolds Number for the Infusate region was calculated using the

following equation for pipe flow [20]:

R, = % [20]
Where:
V = Mean Fluid Velocity
Dy, = Hydraulic Diameter
L = Kinematic Viscosity

The Hydraulic Diameter can be calculated using the following equation [20]:

D, =—L [21]

Where:
As= Flow Area
P = Wetted Perimeter

The mean fluid velocity was calculated based on the inlet mass flow rate according to the
equation:
Q=AvV [22]
Where:
Q = Volumetric Flow Rate
A = Cross Sectional Area
V = Flow Velocity

The diameter of the flow area in the Infusate region is 3.0mm. The Hydraulic Diameter for the
Infusate region was calculated based on the Flow Area and Wetted Perimeter (Table 5.8). Table

5.9 lists the calculated Reynolds Numbers of the Infusate region for the different flow conditions
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used in the CFD simulations. In the CFD simulations, the Infusate region was evaluated as

laminar flow based on the calculated Reynolds Numbers.

Table 5.8: Properties for the Infusate Region

Infusate Region
Flow Area [rnm_l} 7.063
Wetted Perimeter [mm] 5.42
Hydraulic Diameter [mm] 3.001
Kinematic Viscosity [m*/s] | 1.308% 107

Table 5.9: Calculated Infusate Region Reynolds Numbers for Associated Flow Conditions

Infusate Volumetric Flow Mean Fluid Reynolds
Rate [mlfmin] Velocdity [m/s] Mumber

3.33 0.62 45.06

15 0.04 #1.14

25 0.06 135.23

41.67 0.10 22541

50 0.12 270.47

75 018 445.70

83.33 0.20 450,77

100 0.24 540.94

Hot Water Outlet Hot Water Infet
13.64mm RIm
5.50mm
2.59mm
Infusate Inlet

Figure 5.14 Inlet/Outlet Configuration and Wetted Perimeter Dimensions of Hot Water Region

43



The Reynolds Number for the Hot Water region was estimated based on (Egs. [20] and
[21]). Figure 5.14 illustrates the flow configuration of the proposed heat exchanger, as well as
the perimeter dimensions for the flow area of the Hot Water region. The Hydraulic Diameter for
the Hot Water region was calculated based on the Flow Area and Wetted Perimeter (Table
5.10). Table 5.11 lists the calculated Reynolds Numbers of the Hot Water region for the different
flow conditions used in the CFD simulations. In the CFD simulations, the Hot Water region was

evaluated as turbulent flow based on the calculated Reynolds Number.

Table 5.10: Properties for the Hot Water Region

Hot Water Region

Flow Area [mm’] 24.78
Wetted Perimeter [mm)] 24.315
Hydraulic Diametar fmim] 4.076

Kinematic Viscosity [m°/s] | 0.64025 x 10°

Table 5.11: Calculated Hot Water Reynolds Numbers for Associated Flow Conditions

Heat Exchanger | Hot Water Volumetric Mean Fluid Reynolds
Length [m] How Rate [ml/min] Velodty [m/s] Mumber
0.6 17040 1.14 FIT3A5

1.2 1165 0.78 A588.36

1.8 920 0.82 393531

2.4 70 0.50 3211.35

2.4 785 0.53 3361.26
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CHAPTER 6

RESULTS AND DISCUSSION

6.1 Outlet Temperature vs. Heat Exchanger Length

The Infusate outlet temperature was evaluated in terms of the heat exchanger length.
The boundary conditions used for these simulations are given in Table 5.4. The results of the
current CFD simulations were compared to experimental results collected in a paper published
in 1998 [27]. Figure 6.1 compares the current CFD predicted outlet temperatures with the
experimental results. It is important to note that the outlet temperature measured in the
experiments was localized to a center-point temperature probe. In the current CFD simulations,
bulk temperature was used as the measure for the outlet temperatures. This difference in outlet
temperature measurement should account for the difference in reported results. Despite this

observation, the CFD predicted outlet temperatures were within 8% of the experimental values.
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Evaluation of Outlet Temperature vs. Heat Exchanger Length
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Figure 6.1 Comparison of Outlet Temperatures (CFD Predicted vs. Experimental Results [27])

6.1.1 Infusate Region

Of particular interest to the current study was the characterization of the thermal
profile of the Infusate region. As previously mentioned, blood can be safely warmed to 42°C for
infusion without causing hemolysis. As such, it is imperative that the fluid within the Infusate
region does not rise above 42°C. To depict the thermal profile of the Infusate region along the
length of the heat exchanger, a center plane of the Infusate region was plotted in terms of
cylindrical geometry of the Infusate region. A uniform temperature profile of 10°C was applied
at the inlet of the Infusate region for all heat exchanger lengths evaluated. Heat transfer occurs
along the length of the heat exchanger across the temperature gradient between the Infusate
and Hot Water regions. The independent variable in these simulations was heat exchanger
length. The mean bulk temperature at the outlet of the Infusate region is expected to increase

with increasing heat exchanger length, but at a diminishing rate. As axial distance from the inlet
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of the Infusate region increases, the temperature gradient (AT) between the Infusate and Hot
Water regions decreases. As such, heat transfer would decrease until equilibrium is reached
between the Infusate and Hot Water regions. This results in the temperature profile within the
Infusate region approaching a uniform temperature near the end of the heat exchanger,
assuming appropriate flow conditions and heat exchanger length. This was observed for all heat
exchanger lengths evaluated. As such, it does not seem necessary to require a heat exchanger
length much greater than 0.6m to achieve the desired outlet temperature for the given
boundary conditions. Thermal equilibrium was not reached for any of the heat exchanger
lengths evaluated, as the outlet temperatures of the Infusate and Hot Water regions were not
equal. The parallel/counter-parallel flow orientation of the Hot Water region may account for
this observation, as heat transfer at the inlet of the Infusate region interacts with both the inlet

and outlet of the Hot Water region.
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Figure 6.2 Infusate Length Center-Plane Temperature Profile (0.6m Heat Exchanger)
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Figure 6.3 Infusate Length Center-Plane Temperature Profile (1.2m Heat Exchanger)
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Figure 6.4 Infusate Length Center-Plane Temperature Profile (1.8m Heat Exchanger)
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Figure 6.5 Infusate Length Center-Plane Temperature Profile (2.4m Heat Exchanger)

The temperature profile at the outer-surface of the Infusate region was also examined
(Figures 6.6-6.9). Again, heat transfer occurs across the temperature gradient between the
Infusate and Hot Water regions. The outer-surface of the Infusate region is closer in proximity to
the Hot Water region. This results in the outer-surface reaching a uniform temperature profile

closer to the inlet than the interior of the Infusate region for all heat exchanger lengths

examined.

Temperature (G)
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Figure 6.6 Infusate Length Outer-Surface Temperature Profile (0.6m Heat Exchanger)
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Figure 6.7 Infusate Length Outer-Surface Temperature Profile (1.2m Heat Exchanger)
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Figure 6.8 Infusate Length Outer-Surface Temperature Profile (1.8m Heat Exchanger)
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Figure 6.9 Infusate Length Outer-Surface Temperature Profile (2.4m Heat Exchanger)

This study was also interested in characterizing the hydrodynamic properties of the
parallel/counter-parallel flow heat exchanger. The geometry of the Infusate region is a common
cylindrical pipe. The hydrodynamic properties of pipe flow have been well studied and
documented. As such, this study is mostly concerned with characterizing the hydrodynamic
properties of the Hot Water region, as this geometry is a unique variation of the common
concentric annulus. However, a center-plane section over the length of the Infusate region was
plotted in terms of the velocity magnitude to demonstrate the validity of the CFD model (Figures

6.10-6.13). The velocity profile appears to reach fully developed flow a short distance from the
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inlet with the expected parabolic axial velocity profile. A no-slip condition was imposed at the
walls of the Infusate region. The velocity magnitude at the walls is equal to zero, which is
consistent with a no-slip condition. These properties are consistent with known hydrodynamic

properties of pipe flow, and help demonstrate overall solution accuracy.
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Figure 6.10 Infusate Length Center-Plane Velocity Profile (0.6m Heat Exchanger)

Velocity: Magnitude (m/s)
. oae60 0.074004 0.028007 0.042011 Q.056015 Q070019

Figure 6.11 Infusate Length Center-Plane Velocity Profile (1.2m Heat Exchanger)
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Figure 6.12 Infusate Length Center-Plane Velocity Profile (1.8m Heat Exchanger)
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Figure 6.13 Infusate Length Center-Plane Velocity Profile (2.4m Heat Exchanger)

6.1.2 Hot Water Region

Similar to the Infusate region, this current study focused on characterizing the thermal
properties of the Hot Water region. Additionally, this study was also interested in examining the
hydrodynamic effects within the unique geometry of the Hot Water region. The Hot Water
geometry consists of concentric rings like a traditional annulus, but also features a separation
along the mid-plane which confines the flow area to half of a true concentric annulus.

To help characterize the thermal profile within in the Hot Water region, a center-plane
along the length of heat exchanger was plotted in terms of temperature (Figure 6.14-6.17). Due
to the length of the heat exchanger, the subsequent figures were scaled to accommodate the
entire length into one figure. The figure was scaled along the z-axis or the length of the heat
exchanger. The Infusate inlet temperature is much lower than the Hot Water inlet temperature
(10°C vs. =41.6°C). As such, heat is lost by the Hot Water region and gained by the Infusate
region. Additionally, the outer-surface of the heat exchanger was defined as adiabatic. This
results in the temperature of the Hot Water region remaining relatively uniform near the outer
surface of the heat exchanger. This also explains the temperature profile along the inner-wall of
the Hot Water region near the Infusate region, as heat transfer can only occur across the
boundary between the Infusate and Hot Water regions. Due to the parallel/counter-parallel
arrangement, heat transfer occurs along both sides of the Infusate region. This explains the

more varied temperature profile on both sides of the Hot Water region near the Infusate inlet.
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Figure 6.14 Hot Water Length Center-Plane Temperature Profile (0.6m Heat Exchanger)
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Figure 6.15 Hot Water Length Center-Plane Temperature Profile (1.2m Heat Exchanger)
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Figure 6.16 Hot Water Length Center-Plane Temperature Profile (1.8m Heat Exchanger)
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Figure 6.17 Hot Water Length Center-Plane Temperature Profile (2.4m Heat Exchanger)

To highlight the temperature distribution within the Hot Water region, cross-section
temperature profiles were plotted for the different heat exchanger lengths examined (0.6m,
1.2m, 1.8m, and 2.4m). Temperature cross sections were plotted at % and %’s of the given heat
exchanger length. Figures 6.18 — 6.21 depict the cross-section temperature profiles for the
different heat exchanger lengths evaluated. As expected, temperature within the Hot Water
region increases from the center (near the Infusate region) outward. Again, this is due to the
adiabatic condition at the heat exchanger outer surface, which only allows heat transfer
between the Infusate and Hot Water regions. Similar boundary conditions were applied at the
inlet sections for all heat exchanger lengths evaluated. As such, a uniform temperature profile
within the Hot Water region is reached at similar distances from the inlet for all heat exchanger
lengths evaluated. This results in the temperature profile near the end of the heat exchanger
being more uniform as the heat exchanger length increases. Since heat transfer occurs along the
length of the heat exchanger, the temperature profile within the Hot Water region should
decrease as it approaches the outlet. This results in the return section having a lower

temperature profile than the entrance section of the Hot Water region.
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Figure 6.18 Cross-Section Temperature Profile Hot Water Region (0.6m HE)
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Figure 6.19 Cross-Section Temperature Profile Hot Water Region (1.2m HE)
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Figure 6.20 Cross-Section Temperature Profile Hot Water Region (1.8m HE)
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Figure 6.21 Cross-Section Temperature Profile Hot Water Region (2.4m HE)

To help visualize the hydrodynamic effects within the Hot Water region, a center-plane
along the length of the heat exchanger was plotted in terms of velocity magnitude (Figures 6.22-
6.25). Again, the subsequent figures were scaled to accommodate the entire length of the heat
exchanger into one figure. However, it is apparent from these plots that axial velocity becomes
fully developed a short distance from the inlet of the Hot Water region. Turbulent flow was
simulated in the Hot Water region for all heat exchanger lengths evaluated. Typically, the
hydrodynamic entrance length is much shorter for turbulent flow than for laminar [20].
Additionally, there is a significant increase in velocity magnitude at the exit of the elbow section
of the Hot Water region, which results in an additional developing region. The elbow section of
the Hot Water region creates an abrupt change in flow direction over a short length
(approximately 0.01m). Centrifugal forces at the elbow section may result in a significant
pressure drop. The centrifugal forces and pressure drop along the short length (relative to heat

exchanger length) of the elbow section may account for the increase in flow velocity observed.
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Figure 6.22 Hot Water Length Center-Plane Velocity Profile (0.6m Heat Exchanger)
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Figure 6.23 Hot Water Length Center-Plane Velocity Profile (1.2m Heat Exchanger)
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Figure 6.24 Hot Water Length Center-Plane Velocity Profile (1.8m Heat Exchanger)
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Figure 6.25 Hot Water Length Center-Plane Velocity Profile (2.4m Heat Exchanger)

An unscaled velocity magnitude plot centered on the elbow section of the Hot Water
region was also plotted to highlight the unique hydrodynamic effects. Figures 6.26-6.29 depict
the unscaled velocity magnitude plot focusing on the elbow section of the Hot Water region. A
significant velocity increase is observed at the outlet of the elbow section. Again, centrifugal
forces and pressure drop within the elbow section would account for the increase in velocity at
the outlet of the elbow section. Additionally, the abrupt change in flow direction within the
elbow results in a new developing region after the elbow section of the Hot Water region.
Approximations of the distance after the elbow for the flow to become fully developed were
0.16m, 0.148m, 0.14m, and 0.13m for the respective heat exchanger lengths (0.6m, 1.2m, 1.8m,
and 2.4m). As the volumetric flow rate at the inlet of the Hot Water region decreases, the
entrance length after the elbow also decreases. Decreased flow rate may result in a decrease in
turbulent fluctuations, which may account for the observed decrease in entrance length. The
axial velocity along the centerline of the flow area was plotted for increasing axial distance (x)
away from the elbow section of the Hot Water region to confirm the entrance length
approximations. Figure 6.30 depicts the axial length and centerline locations for the axial
velocity profiles. Figures 6.31-6.34 depict the axial velocity profiles of the developing flow area
immediately after the elbow section of the Hot Water region.
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Figure 6.26 Unscaled Velocity Profile of Elbow Section-Hot Water Region (0.6m HE)
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Figure 6.28 Unscaled Velocity Profile of Elbow Section-Hot Water Region (1.8m HE)
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Figure 6.29 Unscaled Velocity Profile of Elbow Section-Hot Water Region (2.4m HE)
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Figure 6.30 Hot Water Centerline/Axial length Locations for Subsequent Velocity Profile Data
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Figure 6.31 Axial Velocity Profile of Developing Flow After Elbow of Hot Water Region (0.6m HE)
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Figure 6.32 Axial Velocity Profile of Developing Flow After Elbow of Hot Water Region (1.2m HE)
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Figure 6.33 Axial Velocity Profile of Developing Flow After Elbow of Hot Water Region (1.8m HE)
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Figure 6.34 Axial Velocity Profile of Developing Flow After Elbow of Hot Water Region (2.4m HE)
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Based on Figures 6.31-6.34, with increasing inlet volumetric flow rate of the Hot Water
region (increasing Reynolds Number) the developing region increases. The hydrodynamic
entrance lengths after the elbow section were determined to be 0.16m, 0.148m, 0.14m, and
0.13m for the respective heat exchanger lengths (0.6m, 1.2m, 1.8m, and 2.4m). The entrance
length was determined to be when the axial velocity was 99% of the fully developed profile.
Overall, the developing region immediately after the elbow section of the Hot Water region is
relatively short when compared to the length of the heat exchanger. Entrance lengths under
turbulent flow are typically much shorter when compared to laminar flow, which may account
for the short developing regions observed.

To further characterize the hydrodynamic effects within the elbow section of the Hot
Water region, plane sections at the apex and base were plotted for velocity magnitude and
pressure. Figure 6.35 depicts the location of the plane sections in the Elbow of the Hot Water
region. Figures 6.36-6.39 depict velocity magnitude and pressure plots in the Elbow section of
the Hot Water region for the different heat exchanger lengths evaluated. A no-slip condition
was applied at the wall of the Hot Water region, as such a velocity magnitude of Om/s is
observed at the wall. Inlet velocity of the Hot Water region was greatest for the 0.6m heat
exchanger, which accounts for the higher velocity profile. Velocity magnitude is greatest at the
inner surface of the Hot Water region for all heat exchanger lengths evaluated. Pressure plots at
the elbow section of the Hot Water region reveal increasing pressure from the inner-wall
toward the outer-wall of the Hot Water region. Increased pressure at the outer-wall of the Hot
Water region concentrates the flow toward the inner-wall. Increased pressure and viscous drag
forces near the wall of the elbow section results in the increased velocity profile further from

the wall. This observation is consistent with increasing centrifugal forces present within the
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elbow section which may account for the increased velocity magnitude and pressure profile

observed.
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Figure 6.36 Velocity and Pressure Profile Elbow Section of the Hot Water Region (0.6m HE)
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Figure 6.37 Velocity and Pressure Profile Elbow Section of the Hot Water Region (1.2m HE)
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Figure 6.38 Velocity and Pressure Profile Elbow Section of the Hot Water Region (1.8m HE)
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Figure 6.39 Velocity and Pressure Profile Elbow Section of the Hot Water Region (2.4m HE)
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To further vizualize the flow characteristics of the elbow section within the Hot Water
region, streamlines were plotted. Figure 6.40-6.43 show the streamlines along the entire length
of the heat exchanger for the different lengths evaluated. Again the subsequent figures were
scaled to accomadate the entire length of the heat exchanger into one image. The developing
region at the inlet and after elbow sections of the Hot Water region are relatively short
compared to the length of the heat exchanger. As such, a majority of the heat exchanger length
consisists of parallel streamlines on both the entrance and return sections. The abrupt change in
flow direction at the elbow section results in increased turbulence and velocity magnitude,

which is observed in the subsequent streamline plots.
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Figure 6.40 Streamlines Along Length of Heat Exchanger Within Hot Water Region (0.6m HE)
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Figure 6.41 Streamlines Along Length of Heat Exchanger Within Hot Water Region (1.2m HE)
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Figure 6.42 Streamlines Along Length of Heat Exchanger Within Hot Water Region (1.8m HE)
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Figure 6.43 Streamlines Along Length of Heat Exchanger Within Hot Water Region (2.4m HE)

To highlight flow characteristics through the elbow section of the Hot Water region,
unscaled images of the streamlines were plotted. Figures 6.44-6.47 depict the streamlines
through the elbow section of the Hot Water region for the different heat exchanger lengths
evaluated. The abrupt change in flow direction within the elbow section of the Hot Water region
results in increased centrifugal forces within the flow area. The change in flow direction occurs
over a short distance, relative to the length of the heat exchanger. This results in increased
centrifugal forces leading to the turbulent flow and increased velocity magnitude obseved
within the elbow section of the Hot Water region. Additionally, this yields a new develping flow
region immediately after the elbow section of the Hot Wate region. The dimensions of the heat

exchangers evaluated are identical except for increases in length. As such, despite the difference

66



in inlet volumetric flow rates, the flow profile within the elbow section is consistent for all heat
exchanger lengths evaluated. Despite the influence of centrifugal forces within the elbow, no
stagnation points were identified in the elbow section of the Hot Water region. However, near
the outlet of the elbow section, mild circulation was observed for all heat exchanger lengths
evaluated. The observed circulation is likely due to increased centrifugal forces within in the

elbow section due to the abrupt change in flow direction.
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Figure 6.44 Streamlines Within Elbow Section of Hot Water Region (0.6m HE)
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Figure 6.45 Streamlines Within Elbow Section of Hot Water Region (1.2m HE)
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Figure 6.46 Streamlines Within Elbow Section of Hot Water Region (1.8m HE)
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Figure 6.47 Streamlines Within Elbow Section of Hot Water Region (2.4m HE)

6.2 Outlet Temperature vs. Heat Exchanger Length (Increased Infusate Inlet Flow Rate)

The Infusate outlet temperature was again evaluated in terms of heat exchanger length.
However, in these simulations the Infusate inlet mass flow rate was increased from 15ml/min to
50ml/min. The boundary conditions used for these simulations are given in Table 5.5. The
results of the current CFD simulations were compared to experimental results collected in a

paper published in 1998 [27]. Figure 6.48 compares the current CFD predicted outlet
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temperatures with the experimental results. As previously mentioned, the experimental outlet
temperatures were measured with a center-point temperature probe. The CFD predicted outlet
temperatures (bulk temperature) were within 20% of the experimental values. However, when
the outlet temperature from the CFD simulations was taken using a center-point probe the
measurements were within 6% of the experimental values. Figures 6.49-6.50 show the
temperature profile at the Infusate outlet for the different heat exchanger lengths evaluated.
Compared to the previous simulations (Section 6.1), the increased Infusate mass flow rate
results in a greater temperature gradient at the Infusate outlet for all heat exchanger lengths
evaluated. This observation is most prominent for the shorter heat exchanger lengths evaluated.
A 13°C temperature difference was observed between the center-point and outer-surface of the
Infusate outlet for the 0.6m heat exchanger.

Despite the improved relationship to the experimental data using a center-point
temperature probe at the outlet, the thermodynamic properties of the Infusate region is more
accurately characterized by using the bulk temperature. Additionally, evaluating in terms of bulk
temperature may result in an increased effectiveness of Hypothermia treatment protocols.
Evaluating outlet temperature using a center-point probe may result in fluid temperatures

above 42°C, which can cause hemolysis or cell degradation and be detrimental to patient care.
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Figure 6.48 Comparison of Outlet Temperatures (CFD Predicted vs. Experimental Results [27])
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Figure 6.49 Infusate Outlet Temperature Profile (0.6m and 1.2m HE)
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Figure 6.50 Infusate Outlet Temperature Profile (1.8m and 2.4m HE)

The flow conditions within the Hot Water region were identical to the previous set of
simulations (Section 6.1). The only difference in this set of simulations was the increase in
Infusate inlet mass flow rate. As such, only the thermal properties of the heat exchanger were
evaluated. A center-plane section of the Infusate region was plotted in terms of temperature
(Figures 6.51-6.54). Similar to the previous simulations, a parabolic thermal profile is seen within
the cylindrical geometry of the Infusate region. In the previous set of simulations (Section 6.1),
the Infusate region reached an approximate uniform temperature profile at the outlet for all
heat exchanger lengths evaluated. By increasing the Infusate inlet mass flow rate to 50ml/min,
only the 2.4m HE reached an approximate uniform temperature profile at the outlet. This is a
direct function of HE length, as the Infusate inlet mass flow rate was the same for all heat
exchanger lengths evaluated. Due to the laminar flow conditions within the Infusate region, the
fully developed Nusselt number should be approximately constant. As such, increased heat
exchanger length under the same laminar flow conditions would reach higher mean bulk

temperatures at the outlet. Additionally, for lower flow rates a higher outlet temperature is
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expected to satisfy the basic energy balance principle, which explains the decreased mean bulk
temperatures observed at the outlet when compared to the previous simulations.

There was an approximately 13°C difference in temperature between the center-point
and walls of the Infusate outlet for the 0.6m heat exchanger. This observation could potentially
impact the respective Hypothermia treatment, as the fluid temperature delivered to the patient
may not be as desired. Overall, the inlet Infusate mass flow rate of 50ml/min is much too fast to
allow for adequate heat transfer in 0.6m, 1.2m, and 1.8m heat exchangers. However, the 2.4m
heat exchanger length did produce a relatively uniform temperature profile at the Infusate

outlet and may be acceptable for warming therapy.
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Figure 6.51 Infusate Center-Plane Temperature Profile (0.6m HE, Increased Infusate Flow Rate)
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Figure 6.52 Infusate Center-Plane Temperature Profile (1.2m HE, Increased Infusate Flow Rate)
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Figure 6.53 Infusate Center-Plane Temperature Profile (1.8m HE, Increased Infusate Flow Rate)
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Figure 6.54 Infusate Center-Plane Temperature Profile (2.4m HE, Increased Infusate Flow Rate)

The temperature profile of the outer-surface of the Infusate region was also examined
(Figures 6.55-6.58). Unlike the interior temperature profile of the Infusate region, the outer-
surface reached a uniform temperature profile before the outlet. Again heat transfer is only
allowed between the Infusate and Hot Water regions due to the adiabatic conditions at the heat
exchanger surface. The outer-surface of the Infusate region is closer in proximity to the Hot
Water region. This results in the outer-surface reaching a uniform temperature profile closer to

the inlet than the interior of the Infusate region for all heat exchanger lengths examined.
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Figure 6.55 Infusate Outer-Surface Temperature Profile (0.6m HE, Increased Infusate Flow Rate)
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Figure 6.56 Infusate Outer-Surface Temperature Profile (1.2m HE, Increased Infusate Flow Rate)
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Figure 6.57 Infusate Outer-Surface Temperature Profile (1.8m HE, Increased Infusate Flow Rate)
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Figure 6.58 Infusate Outer-Surface Temperature Profile (2.4m HE, Increased Infusate Flow Rate)

To help visualize the thermal profile within the Hot Water region, a center-plane section
along the length of heat exchanger was plotted in terms of temperature (Figure 6.59-6.62). Due
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to the length of the heat exchanger, the subsequent figures were scaled to accommodate the
entire length into one figure. The thermal profile is much more varied, when compared to the
previous simulations (Section 6.1). The increased Infusate flow rate in these simulations would
require lower outlet temperatures to satisfy the energy balance principle than the previous set
of simulations (Section 6.1). This results in the decreased mean bulk temperature observed at
the Infusate and Hot Water outlets for all heat exchanger lengths examined. Due to unique
configuration of the heat exchanger thermal equilibrium was not reached between the Infusate
and Hot Water sections for all heat exchanger lengths evaluated. This is likely due to the effects
of heat transfer across both sides of the Infusate region, as a result of the parallel/counter-

parallel orientation of the heat exchanger.

Hot Water Outlet

Hat Water Inlet

Temperature ()
23.053 IF.242 30832 344921 JB.o11 A7 G0

Figure 6.59 Hot Water Center-Plane Temperature Profile (0.6m HE, Increased Infusate Flow Rate)
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Figure 6.60 Hot Water Center-Plane Temperature Profile (1.2m HE, Increased Infusate Flow Rate)
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Figure 6.61 Hot Water Center-Plane Temperature Profile (1.8m HE, Increased Infusate Flow Rate)
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Figure 6.62 Hot Water Center-Plane Temperature Profile (2.4m HE, Increased Infusate Flow Rate)

6.3 Outlet Temperature vs. Infusate Inlet Flow Rate

In these simulations, the effect of increasing Infusate inlet mass flow rate on the
Infusate outlet temperature was evaluated. The boundary conditions used for these simulations
are given in Table 5.6. The results of the current CFD simulations were compared to previously
collected experimental data [27]. Figure 6.63 compares the current CFD predicted outlet
temperatures with the experimental results; no experimental data for the Hot Water region was
available. As previously mentioned, the experimental outlet temperatures were measured with
a center-point temperature probe, whereas bulk temperature was evaluated in the CFD
simulations. The CFD predicted outlet temperatures were within 7% of the experimental values,

and should be applicable for future design purposes. However, as experimental outlet
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temperatures were only evaluated using a center-point temperature probe, more detailed

temperature comparisons were not able to be made.

Evaluation of Outlet Temperature vs. Infusate Inlet Mass Flow Rate
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Figure 6.63 Comparison of Outlet Temperatures (CFD Predicted vs. Experimental Results [27])

The flow conditions within the Hot Water region were similar to the previous sets of
simulations (Section 6.1 and 6.2). As such, this set of simulations was only evaluated in terms of
the thermal properties. This study considered the effect of increasing Infusate inlet mass flow
rate on heat transfer within the heat exchanger. Only the 2.4m heat exchanger was considered
in these simulations. To characterize the thermal profile within the Infusate region, a center-
plane was plotted along the length of the heat exchanger in terms of temperature (figures 6.64-
6.68). Increasing Infusate inlet mass flow rate resulted in increased axial distance for the
temperature profile to become uniform (to reach a minimum heat transfer rate on the Infusate

side). Equilibrium between the Infusate and Hot Water regions is not reached due to the flow
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configuration of the Hot Water region. The fully developed Nusselt number should be
approximately constant within the laminar regime of the Infusate region. The Infusate inlet mass
flow rate is the independent variable in this analysis. For increasing mass flow rate, the outlet
mean bulk temperature is expected to decrease to satisfy basic energy balance principle. As
such, increased axial distance from the inlet is required for a uniform temperature profile to be
reached in the Infusate region for the higher flow rates examined. For the 5000mli/hr flow rate,
the temperature profile within the Infusate region did not reach a uniform temperature profile
before the outlet of the heat exchanger. Flow rates greater than 5000ml/hr for the Infusate
region would require longer heat exchanger lengths to reach acceptable temperature profiles at
the outlet. For the evaluated flow conditions, flow rates less than 5000ml/hr should be for a
heat exchanger of 2.4m, as a uniform fluid temperature delivered to the patient is more optimal

for Hypothermia treatment.
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Figure 6.64 Infusate Center-Plane Temperature Profile (500ml/hr Infusate Flow Rate)
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Figure 6.65 Infusate Center-Plane Temperature Profile (1500ml/hr Infusate Flow Rate)
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Figure 6.66 Infusate Center-Plane Temperature Profile (2500ml/hr Infusate Flow Rate)
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Figure 6.67 Infusate Center-Plane Temperature Profile (3500ml/hr Infusate Flow Rate)

R ———

, _Temperaiure (C)
0.0080 16,030 21.863 27.795
-A—— .

Figure 6.68 Infusate Center-Plane Temperature Profile (5000ml/hr Infusate Flow Rate)

The temperature profile on the outer-surface of the Infusate region was also examined
(Figures 6.69-6.73). Similar to the previous simulations, the outer-surface reached a uniform
temperature at a shorter distance from the inlet than the interior of the Infusate region. The
outer-surface of the Infusate region reached a uniform temperature profile before the outlet for
all Infusate flow rates evaluated. Again, this is directly related to the boundary conditions and

proximity to the Hot Water region. Additionally, increasing Infusate flow rate results in
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increased axial distance for a uniform temperature profile to be reached within the Infusate

region. This is related to the impact of increased flow rates on the energy balance.
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Figure 6.69 Infusate Outer-Surface Temperature Profile (500ml/hr Infusate Flow Rate)
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Figure 6.70 Infusate Outer-Surface Temperature Profile (1500ml/hr Infusate Flow Rate)
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Figure 6.71 Infusate Outer-Surface Temperature Profile (2500ml/hr Infusate Flow Rate)
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Figure 6.72 Infusate Outer-Surface Temperature Profile (3500ml/hr Infusate Flow Rate)
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Figure 6.73 Infusate Outer-Surface Temperature Profile (5000ml/hr Infusate Flow Rate)

To visualize the thermal profile within the Hot Water region, a center-plane section
along the length of heat exchanger was plotted in terms of temperature (Figure 6.74-6.78). Due
to the length of the heat exchanger, the subsequent figures were scaled to accommodate the
entire length into one figure. Increased temperature variation within the Hot Water region is
seen with increasing Infusate mass flow rate. Specifically, temperatures within the Hot Water
region decreased with increasing Infusate mass flow rate. The inlet boundary conditions for the
Hot Water region were the same for all simulations evaluated; only the Infusate mass flow rate
was varied. As such, the decreased temperature profile within the Hot Water region is directly
related to the increase in Infusate mass flow rate. As the mass flow rate increases, outlet mean

bulk temperature decreases to satisfy the basic energy balance principle. This results in the
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decrease in outlet mean bulk temperature observed in the Infusate and Hot Water regions, as

well as the thermal profile variation in the Hot Water region.
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Figure 6.74 Hot Water Center-Plane Temperature Profile (500ml/hr Infusate Flow Rate)
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Figure 6.75 Hot Water Center-Plane Temperature Profile (1500ml/hr Infusate Flow Rate)
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Figure 6.76 Hot Water Center-Plane Temperature Profile (2500ml/hr Infusate Flow Rate)
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Figure 6.77 Hot Water Center-Plane Temperature Profile (3500ml/hr Infusate Flow Rate)
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Figure 6.78 Hot Water Center-Plane Temperature Profile (5000ml/hr Infusate Flow Rate)

6.4 Outlet Temperature vs. Infusate Inlet Flow Rate (Increased Infusate Inlet Temperature)

In these simulations, the effect of increasing Infusate inlet mass flow rate on Infusate
outlet temperature was again examined. However, the Infusate inlet temperature was increased
from 10°C to 20°C. The boundary conditions used for these simulations are given in Table 5.7.
The results of the current CFD simulations were compared to previously collected experimental
data [27]. Figure 6.79 compares the current CFD predicted outlet temperatures with the
experimental results; no experimental data for the Hot Water region was available. As
previously mentioned, the experimental outlet temperatures were measured with a center-

point temperature probe, whereas bulk temperature was determined in the CFD simulations.
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The CFD predicted outlet temperatures were within 7% of the experimental values, and should
be applicable for future design purposes. However, as experimental outlet temperatures were
only evaluated using a center-point temperature probe, more detailed temperature

comparisons were not able to be made.

Evaluation of Outlet Temperature vs. Infusate Inlet Mass Flow Rate
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Figure 6.79 Comparison of Outlet Temperatures (CFD Predicted vs. Experimental Results [27])

Again only the thermal properties of the heat exchanger were considered. The boundary
conditions are identical to the previous simulations (Section 6.3), except for an increase in the
Infusate inlet temperature (10°C vs. 20°C). To visualize the thermal profile within the Infusate
region, a center-plane section was plotted along the length of the heat exchanger in terms of
temperature (figures 6.80-6.85). Similar to the previous simulations, increasing Infusate mass
flow rate results in increased axial distance for a uniform temperature profile to be reached
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within the Infusate region (minimum heat transfer rate on the Infusate side). However, in these
simulations the heat transfer rate was not only affected by increased mass flow rate but also by
a decrease in temperature gradient across the Infusate and Hot Water regions. Higher mass flow
rates require increased heat exchanger length to approach uniform temperature profiles at the
outlet. Convective heat transfer can be expressed using the following equation [20]:
q” = hA(Ts — Tamp) [23]
Where,

g” = Heat Transfer Rate

h = Heat Transfer Coefficient

A = Heat Transfer Surface Area

T, = Solid Surface Temperature

T.mb = Ambient Temperature
Based on this relationship, the temperature gradient is proportional to the heat transfer rate. As
such, a decreased temperature gradient across the Infusate and Hot Water regions result in a
decrease in heat transfer rate. This decrease in heat transfer rate accounts for the decreased
mean bulk outlet temperature in the Infusate and Hot Water regions observed for increasing
Infusate mass flow rate. For the 4500ml/hr and 6000ml/hr flow rates, greater heat exchanger
length is required for the thermal profile to stabilize. As such, when using these boundary

conditions, flow rates less than 4000ml/hr should be considered within the Infusate region to

ensure optimal Hypothermia treatment.

Temperature (C)
12908 24.372 28.747 33,122 37.497 41.872

Figure 6.80 Infusate Center-Plane Temperature Profile (500ml/hr Infusate Flow Rate)
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Figure 6.81 Infusate Center-Plane Temperature Profile (1500ml/hr Infusate Flow Rate)
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Figure 6.82 Infusate Center-Plane Temperature Profile (2500ml/hr Infusate Flow Rate)
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Figure 6.83 Infusate Center-Plane Temperature Profile (3500ml/hr Infusate Flow Rate)

P —

_ _Temperature (C) .
19.008 24,109 28.220 32.332 36,443 40,554

Figure 6.84 Infusate Center-Plane Temperature Profile (4500ml/hr Infusate Flow Rate)
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Figure 6.85 Infusate Center-Plane Temperature Profile (6000ml/hr Infusate Flow Rate)

The temperature profile on the outer-surface of the Infusate region was also examined
(Figures 6.86-6.91). Similar to the previous simulations, the outer-surface reached a uniform
temperature profile at a shorter distance from the inlet than the interior of the Infusate region.
The outer-surface of the Infusate region reached a uniform temperature profile before the
outlet for all Infusate flow rates evaluated. Again, this is directly related to the boundary
conditions and proximity to the Hot Water region. Additionally, increasing Infusate flow rate
results in increased axial distance for a uniform temperature profile to be reached within the
Infusate region. This is related to the decrease in heat transfer rate due to the decreased

temperature gradient between the Infusate and Hot Water regions.

Temperature (C)
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Figure 6.86 Infusate Outer-Surface Temperature Profile (500ml/hr Infusate Flow Rate)
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Figure 6.87 Infusate Outer-Surface Temperature Profile (1500ml/hr Infusate Flow Rate)
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Figure 6.88 Infusate Outer-Surface Temperature Profile (2500ml/hr Infusate Flow Rate)
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Figure 6.89 Infusate Outer-Surface Temperature Profile (3500ml/hr Infusate Flow Rate)
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Figure 6.90 Infusate Outer-Surface Temperature Profile (4500ml/hr Infusate Flow Rate)
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Figure 6.91 Infusate Outer-Surface Temperature Profile (6000ml/hr Infusate Flow Rate)

To visualize the thermal profile within the Hot Water region, a center-plane section
along the length of heat exchanger was plotted in terms of temperature (Figure 6.92-6.97). Due
to the length of the heat exchanger, the subsequent figures were scaled to accommodate the
entire length into one figure. Increased temperature variation within the Hot Water region is
seen with increasing Infusate mass flow rate. Specifically, temperatures within the Hot Water
region decreased with increasing Infusate mass flow rate. These results are similar to the
previous simulation. However the thermal variation is more pronounced, as the heat transfer
rate is also impacted in these simulations due to the decreased temperature gradient between
the Infusate and Hot Water regions. Again, the inlet boundary conditions for the Hot Water
region were the same for all simulations evaluated; only the Infusate mass flow rate was varied.
As such, the decreased temperature profile within the Hot Water region is directly related to the
increase in Infusate mass flow rate. However, compared to the previous set of simulations
(Section 6.3) the temperature profile is also impacted by a decrease in heat transfer rate due to
the decreased temperature gradient between the Infusate and Hot Water regions. This results in
the decrease in outlet mean bulk temperature observed in the Infusate and Hot Water regions,

as well as the thermal profile variation in the Hot Water region.
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Figure 6.92 Hot Water Center-Plane Temperature Profile (500ml/hr Infusate Flow Rate)
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Figure 6.93 Hot Water Center-Plane Temperature Profile (1500ml/hr Infusate Flow Rate)
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Figure 6.94 Hot Water Center-Plane Temperature Profile (2500ml/hr Infusate Flow Rate)
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Figure 6.95 Hot Water Center-Plane Temperature Profile (3500ml/hr Infusate Flow Rate)
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Figure 6.96 Hot Water Center-Plane Temperature Profile (4500ml/hr Infusate Flow Rate)
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Figure 6.97 Hot Water Center-Plane Temperature Profile (6000ml/hr Infusate Flow Rate)

6.5 Determination of the Hot Water Region Entrance Length Correlation
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Figure 6.98 Developing Velocity Boundary Layer at the Entrance of a Pipe [20]

Entrance length (L) is the distance into a pipe or duct at which point the flow becomes

fully developed, further increases in axial distance yield a constant uniform velocity profile.
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Figure 6.98 depicts the developing boundary layer at the entrance of a pipe. The entrance region
or developing region (0 < x < L) is characterized by the following features [20]:

e (v, #0), streamlines are not parallel.

e Core velocity (u.) increases with axial distance (x) into the pipe.
e Pressure decreases with axial distance (x) into the pipe.

e Velocity boundary layer thickness () is less than pipe radius.

The fully developed region (x = L;,) is characterized by the following features [20]:

e Streamlines are parallel (v, = 0).
e Axial velocity profile is consistent along the remaining pipe length.

Previous studies have characterized the hydrodynamic entrance effects within
concentric annular geometry. In the current study, the geometry of the Hot Water region is
unique in that it features a separation along the center-plane, which confines the flow to half of
the traditional concentric annular geometry. Figure 6.99 depicts the geometry of a true annulus,
which consists of two concentric rings. A literature review did not return any previous studies
concerning the unique geometry of the Hot Water region. As such, the focus of this current
study was to compare the hydrodynamic properties of the studied Hot Water semi-annulus to
that of a true concentric annulus. Additionally, the effects of the elbow section of the Hot Water

region on flow characteristics were also considered.

Figure 6.99 True Concentric Annulus Geometry
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To understand the transition from laminar to turbulent flow within a true concentric
annulus, the critical Reynolds Number was determined based on a comparison developed by
Dou, Khou, and Tsai (2010). Figure 6.100 depicts the comparison of critical Reynolds Numbers
for pipe and annular flow developed by Dou et al [11]. The term k, is defined as the ratio of the
outer and inner radius of a concentric annulus. For the purposes of this study, the dimensions of
the true annulus were based on the geometry of the studied Hot Water region. Refer to Figure
6.112 for the dimensions of the true annulus and Hot Water semi-annulus used in this
comparative study. Based on these dimensions, the ratio of the outer and inner radius of the
concentric annulus evaluated is k = 0.41. For the purposes of this study, the critical Reynolds
Number for concentric annular flow was determined to be approximately Re. = 2300. The critical
Reynolds Number of 2300 was taken into account when evaluating laminar and turbulent flow

within the studied semi-annulus and true concentric annulus.

J0iEd

unstable

2300 = pipe Poisewlle flow

Y

Eq.(23)

stable
annulus flow

IIII|IIIILL|IIII|IIII

1000

Expenmental data
% ] Pipe Poiseuille flow: Patel & Head (1969)
500 Q Flane FPoisauille flow: Patel & Head (1969)
r Annulus flow: Hanks & Bonner (1971)

Figure 6.100 Comparison of Critical Reynolds Number for Pipe and Annular Flow [11]
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The flow area of a concentric annulus is the difference in areas between the larger circle
with diameter (R) and the smaller circle with diameter (r). The hydraulic diameter can be found
with the following equation [14]:

Dp = Do — D; [24]
Where:
D, = Outer ring diameter
D; = Inner ring diameter

Gupta and Garg (1981) characterized the developing region of a concentric annulus
within the laminar regime. Traditionally, hydrodynamic entrance lengths have been defined as
the length at which axial velocity at the centerline reaches 99% of the fully developed value [16].
Gupta and Garg described the hydrodynamic entrance length for a range of annulus radius
ratios termed (y = ri/r,), where r; and r, refer to the radii of the inner and outer walls of a

concentric annulus. Using an implicit finite difference method, Gupta and Garg developed the

following entrance length correlation for laminar flow within a concentric annulus [16]:

2Ly,
oo, = CRe [25]
Where:

L, = Entrance Length

r, = Radius Outer Wall Concentric Annulus

ri = Radius Inner Wall Concentric Annulus

Re = Reynolds Number

C = Derived Constant based on y (Table 6.1)

Table 6.1 Entrance Length Constant based on Radii Ratio of Concentric Annulus [16]

Entrance Length Constant for Radii Ratio Concentric Annulus

0.001
0.65

0.05
0.355

0.1
0.2

0.2
0.25

0.4
0.225

0.8
0.215
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Gupta and Garg developed an entrance length correlation for a concentric annulus
based on radii ratio of the inner and outer walls within the laminar regime. Table 6.1 lists the
derived constants for the entrance length correlation based on the radii ratio (y) [16]. For the
purposes of this study, y = 0.4 based on the dimensions of the studied heat exchanger.

This study focused on characterizing the hydrodynamic entrance properties for the
unique geometry of the Hot Water region. Specifically, new empirical correlations for the
entrance length were developed for Laminar and Turbulent flow within the unique semi-annular
geometry. CFD simulations were run for increasing Reynolds Numbers. These results were then
compared and an entrance length correlation developed. The developed entrance length
correlation for the Hot Water region was then compared to the correlation developed by Gupta

and Garg for a true concentric annulus within the laminar regime.

6.5.1 Entrance Length Correlation within the Laminar Regime:

A grid independency test was performed on the geometry of the Hot Water region to
determine the optimum mesh density. New mesh conditions were required, as the previous
simulations considered turbulent flow in the Hot Water region. As previously mentioned,
selecting the appropriate mesh density is crucial in terms of final solution accuracy. A coarse
mesh will require less computational power, but may lack solution accuracy. A finer mesh
density increases solution accuracy, but requires more computational power and solution time.
Grid independency is reached when further increases to mesh density do not result in changes
to the final solution. Performing a grid independency ensures solution accuracy while efficiently
utilizing computational resources.

A volumetric flow rate of 50ml/min (Reynolds number 241) was used for the grid

independency of the Hot Water region. A coarse mesh of about 177,000 cells and a fine mesh of
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about 522,000 cells were used for this analysis. Figure 6.101 depicts the generated volume mesh
for the range of mesh densities evaluated (177,000 — 522,000 total cells). The axial velocity
along the center line of the Hot Water outlet was evaluated (Figure 5.102). Table 6.2 documents

the mesh conditions used for each iteration of increased mesh density.

Run 2: 265,668 Cells

Run 4: 522,781 Cells

Figure 6.101 Generated Volume Mesh Densities Used in Hot Water Region Grid Independency
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Table 6.2 Mesh Conditions Used for Variation of Mesh Density (176,000 — 500,000 total cells)

Runl | Run2 | Run3 Run 4
Total Cells 176,724 | 265,668 | 399,906 | 522,781
Base Size [mm)] 2.00 1.00 .80 0.50
Number Prism Layers z z z 2
Prism Layer Thickness [mm] 0.5 0.25 0.2 0.125
Target Surface Size [mm] 2 1 0.8 0.5

w. Hot Water inlet

Waler Cross Sechid

Hot Water Outlet

Figure 6.102 Cross Section Used for Axial Velocity Profile in the Grid Independency
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Hot Water Outlet Axial Velocity Profile for Varying Mesh Density
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Figure 6.103 Comparison of Axial Velocity Profiles at Infusate Outlet for Increasing Mesh Density

Figure 6.103 depicts the axial velocity profile at the Hot Water outlet for the increasing
mesh densities evaluated in the grid independency. The average difference between the axial
velocity for the 400K and 500k mesh densities is less than 2%. As such, the mesh density of 400K
was determined to be acceptable for the purposes of this study. As the total number of cells
increase, the computational time increases proportionally. The chosen mesh conditions were
determined to accurately capture the flow conditions while efficiently utilizing computational
power. As such, the mesh conditions for the 400K mesh density were utilized for the production
runs.

To determine a hydrodynamic entrance length correlation for laminar flow within the
unique geometry of the Hot Water region, several CFD simulations were run for increasing
Reynolds Number. The axial velocity was plotted along a centerline of the flow area with

increasing distance into the Hot Water region. The entrance length was determined to be when
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the axial velocity was 99% of the fully developed profile. Figure 6.104 depicts the centerline
cross section and length profile used to plot the axial velocity profile. Figures 6.105 — 6.110
depict the entrance axial velocity profiles for increasing Reynolds Number. The boundary
conditions used in the CFD simulations to determine an entrance length correlation for the inlet

of the Hot Water region under laminar flow are given in Table 6.3.

Table 6.3 Boundary Conditions Used for Entrance Length Determination in Laminar Regime

Heat Exchanger | Hot Water Volumetric Mean Fluid Reynolds Hot Water Qutlst
Length [m] Flow Rate [mifmin] | Velocity [m/s] Mumber Pressure fatm]
0.6 3 0.0C3 2143 1.0
0.6 20 0.013 85.64 1.0
0.6 30 0.034 214.69 1.0
0.6 1040 0.067 428,19 1.0
0.6 200 0.135 856.37 1.0
0.6 300 0.202 128456 1.0
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Figure 6.104 Hot Water Entrance Centerline Location/Axial Length for Subsequent Velocity Profile Data
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Figure 6.105 Axial Velocity Profile of Developing Region at Hot Water Inlet (Re 21)
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Based on the cross section axial velocity profile of the Hot Water inlet section, it was
determined that the flow becomes fully developed at approximately 0.025m from the entrance.
As such, the entrance length (L;,) was determined to be 0.025m for a Reynolds Number of 21.

Hot Water Entrance Flow Region:
Re=21
D, =4.076mm
L, =0.025m

A dimensionless value can be obtained using the following relation:

L, 25mm

=———=26.13
D, 4.076mm

Hot Water Entrance Velocity Profile (Re 86)

45

4
£ =
=35 Om
K] =#—=0.01m
=
§ 3 ==0.02m
@ —>¢=0.03m
T 25 —9—0.04m
[ =
8 == (0.45m

2

1-5 T T T T
0 0.005 0.01 0.015 0.02

Axial Velocity [m/s]

Figure 6.106 Axial Velocity Profile of Developing Region at Hot Water Inlet (Re 86)
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Based on the cross section axial velocity profile of the Hot Water inlet section, it was
determined that the flow becomes fully developed at approximately 0.04m from the entrance.
As such, the entrance length (L) was determined to be 0.04m for a Reynolds Number of 86.
Hot Water Entrance Flow Region:
R. = 86

D, =4.076mm
L, = 0.04m

A dimensionless value can be obtained using the following relation:

Ly  40mm
D, 4.076mm

Hot Water Entrance Velocity Profile (Re 214)
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Figure 6.107 Axial Velocity Profile of Developing Region at Hot Water Inlet (Re 214)
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Based on the cross section axial velocity profile of the Hot Water inlet section, it was
determined that the flow becomes fully developed at approximately 0.08m from the entrance.
As such, the entrance length (L;,) was determined to be 0.08m for a Reynolds Number of 214.

Hot Water Entrance Flow Region:
Re. =214
D, =4.076mm
L, =0.08m

A dimensionless value can be obtained using the following relation:

L,  80mm
D, 4.076mm

Hot Water Entrance Velocity Profile (Re 428)
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Figure 6.108 Axial Velocity Profile of Developing Region at Hot Water Inlet (Re 428)

Based on the cross section axial velocity profile of the Hot Water inlet section, it was
determined that the flow becomes fully developed at approximately 0.12m from the entrance.

As such, the entrance length (L) was determined to be 0.12m for a Reynolds Number of 428.
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Hot Water Entrance Flow Region:
R. =428
Dy =4.076mm
Ly = 0.12m

A dimensionless value can be obtained using the following relation:

Ly 120mm 29.44
D, 4.076mm "7

Hot Water Entrance Velocity Profile (Re 856)
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Figure 6.109 Axial Velocity Profile of Developing Region at Hot Water Inlet (Re 856)

Based on the cross section axial velocity profile of the Hot Water inlet section, it was
determined that the flow becomes fully developed at approximately 0.18m from the entrance.
As such, the entrance length (L) was determined to be 0.18m for a Reynolds Number of 856.
Hot Water Entrance Flow Region:
R. = 856

D, =4.076mm
L,=0.18m
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A dimensionless value can be obtained using the following relation:

L,  180mm

=———=14416
D, 4.076mm

Hot Water Entrance Velocity Profile (Re 1285)
4.5 B
——

4
£
£
=z 35 ¢—0m
(]
= =—0.05m
g 3 —A=0.1m
(]
= ~9—0.22m
5 25
b= ==0.45m
]
o

2

—
1.5 T T T T T 1
0 0.05 0.1 0.15 0.2 0.25 0.3
Axial Velocity [m/s]

Figure 6.110 Axial Velocity Profile of Developing Region at Hot Water Inlet (Re 1285)

Based on the cross section axial velocity profile of the Hot Water inlet section, it was
determined that the flow becomes fully developed at approximately 0.22m from the entrance.
As such, the entrance length (L) was determined to be 0.22m for a Reynolds Number of 1285.

Hot Water Entrance Flow Region:

Re =1285
D, =4.076mm
L,=0.22m

A dimensionless value can be obtained using the following relation:

Ly  220mm
D, 4.076mm



Table 6.4 Entrance Length Results of CFD Simulations in Laminar Regime (At Inlet)

Entrance Velocity Profile
[Laminar Regime)

Reynolds Number| LJ/D,
21.41 6.13

23.64 LB
214.09 15.63
42819 2044
806.27 4416
1384.56 53.97

Entrance Length Correlation at Inlet (Laminar Regime)
60 -

Lh/Dh = 0.9971Re055%¢
R?=0.9864

0 T T T T T T 1
0 200 400 600 800 1000 1200 1400

Reynolds Number

Figure 6.111 Equation Fitting to Results of CFD Simulations in Laminar Regime (At Inlet)

A Power function was fitted to the entrance length results of the CFD simulations within
the laminar regime to approximate an entrance length correlation (Figure 6.111). Table 6.4
depicts the non-dimensionalized value (Lh/Dh) for the increasing Reynolds Numbers. A

coefficient of determination (R?) value of 0.9864 was obtained. The coefficient of determination
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is a measure of how well the trendline correlates to the original data points. The coefficient of
determination ranges from 0 — 1 and has no units. For a perfect fit, R? = 1 [8]. The R? value of
0.9864 indicates an excellent fit, and that the associated correlation should accurately predict
entrance lengths for future design purposes. Based on the results of the CFD simulations, the
entrance length correlation at the inlet of the Hot Water region under laminar flow was

determined to be the following:

L = 0.9971R, "% 126]

h

Where:
Ly, = Hydrodynamic Entrance Length
Dy, = Hydraulic Diameter
Re = Reynolds Number

Increasing Reynolds Numbers resulted in increased distance of the developing region
within the Hot Water section. Increased mass flow rates result in increased forces within the
flow area. This may explain the increased hydrodynamic entrance lengths observed for
increasing Reynolds Numbers.

The CFD developed entrance length correlation (Eq. [26]) was compared to the entrance
length correlation for a true concentric annulus developed by Gupta and Garg (1981). Figure
6.112 depicts the dimensions of a true concentric annulus compared to the perimeter
dimensions of the flow area of the Hot Water region used for this comparison. The current study
geometry is composed of two concentric rings, but includes a separation along the mid-plane of
the annulus. Similar dimensions and flow conditions were used to compare hydrodynamic

entrance lengths for a true concentric annulus and the studied Hot Water region semi-annulus.
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True Concentric Annulus

Hot Water Region Semi-Annulus

2.58mm

13.64mm

Figure 6.112 Schematic Diagram True Concentric Annulus vs. Current Study Geometry

The Reynolds Number for the true concentric annulus was determined using (Eq. [20]).

The hydrodynamic diameter of the true concentric annulus was determined using (Eq. [24]).

Table 6.5 gives the boundary conditions used for the true annulus entrance length calculation.

The Flow area for the true annulus was determined using the following equation:

Ar=A, - A =50.854mm’

Where:

A, = Area of outer-diameter ring = R’
A, = Area of inner-diameter ring = ntr’

Table 6.5 Boundary Conditions Used for True Annulus Entrance Length Calculation

Dymamibe Volumetric Flow Rate Miean Fluid Reynolds Hydrodynamic

Vizcosity [Pa/s] [l min] Velodty [m/f5] Mumber Dlameter [mm]
8.89% 10 8.0 0.00262 21.21 5.18
8.89x 107 3L5 0.01065 26.18 5.18
8.89 % 10 81.0 0.02655 214.78 5.18
.89 x 107 161.3 0.05233 478.23 5.18
8.89 %107 323.0 0.10586 856.46 5.18
8.89 x 107 484.0 0.15862 128336 5.18
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Table 6.6 Comparison of Entrance Lengths in True Annulus and Semi-Annulus for Laminar Flow

True Annulus Studied Semi-Annulus
Reynolds - -
Volumetric Flow Volumetric Flow
Number : L/ Dy, : Ly/ Dy,
Rate [m!/min] Rate [ml/min]
2 8.0 2.38 3 .13
80 345 9.69 20 9.81
214 210 24.16 50 15.63
428 igl.5 4818 104 29.44
8256 323.0 95.35 200 44,16
1384 484.0 14435 300 2397

Table 6.6 gives the calculated hydrodynamic entrance lengths for the true concentric
annulus (Eq. [25]) and the CFD determined hydrodynamic entrance lengths for the studied semi-
annulus in the laminar regime. Figure 6.113 compares the hydrodynamic entrance lengths for a
true concentric annulus and the studied geometry of the Hot Water region (semi-annulus). The
entrance length of a concentric annulus is generally longer than the semi-annulus under laminar

flow, and the difference is more prominent for increasing Reynolds Number.
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Figure 6.113 Comparison Entrance Length (True Annulus [16] vs. CFD Predicted Semi-Annulus)

Due to the separation along the center-plane of the Hot Water region, the flow area and
wetted perimeter of a true concentric annulus is expected to be greater than that of the studied
semi-annulus. As such, the shear and frictional forces within the semi-annulus is expected to be
greater than those within a true concentric annulus, due to greater interaction with the wall
resulting in increased viscous drag. This leads to the generally higher hydrodynamic developing
lengths observed in the true semi-annulus when compared to a true concentric annulus.

In addition to the hydrodynamic entrance length at the inlet of the Hot Water region, an
entrance length correlation was determined for the section immediately after the elbow. Flow is
disrupted in the elbow of the Hot Water region, resulting in an additional developing region
after the elbow. Again, the entrance length was determined to be when the axial velocity was
99% of the fully developed profile. The axial velocity was plotted along a centerline of the flow

area with increasing distance into the Hot Water return region. Figure 6.114 depicts the
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centerline cross section and length profile used to plot the axial velocity profile. Figures 6.115 —
6.120 depict the return axial velocity profiles for increasing Reynolds Number. The same
boundary conditions used to determine the hydrodynamic entrance length correlation at the

inlet were used to determine the entrance length correlation after the elbow (Table 6.3).

o . Hot Water inlet

ifzirel s CI‘DSS Sech’

Hot Water Outlet

Elbow Secti
Hot Water Outtet A ion

\fﬁm X

- Infusate Outlet
Hot Water Inlet

Figure 6.114 Hot Water Return Centerline/Axial length Locations for Subsequent Velocity Profile Data
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Hot Water Return Velocity Profile (Re 21)
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Figure 6.115 Axial Velocity Profile of Developing Region After Elbow Section (Re 21)

Based on the cross section axial velocity profile after the elbow of the Hot Water region, it was
determined that the flow becomes fully developed at approximately 0.015m from the elbow. As
such, the entrance length (L;,) was determined to be 0.015m for a Reynolds Number of 21.
Hot Water Entrance Flow Region:
Re=21

D, =4.076mm
L, =0.015m

A dimensionless value can be obtained using the following relation:

L, 15mm

=————=23.68
D, 4.076mm
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Hot Water Return Velocity Profile (Re 86)
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Figure 6.116 Axial Velocity Profile of Developing Region After Elbow Section (Re 86)

Based on the cross section axial velocity profile after the elbow of the Hot Water region, it was
determined that the flow becomes fully developed at approximately 0.025m from the elbow. As
such, the entrance length (L;,) was determined to be 0.025m for a Reynolds Number of 86.
Hot Water Entrance Flow Region:
R. =86

D, =4.076mm
L, =0.025m

A dimensionless value can be obtained using the following relation:

Ly 25mm

D, 2076mm _ 013
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Hot Water Return Velocity Profile (Re 214)
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Figure 6.117 Axial Velocity Profile of Developing Region After Elbow Section (Re 214)

Based on the cross section axial velocity profile after the elbow of the Hot Water region, it was
determined that the flow becomes fully developed at approximately 0.05m from the elbow. As
such, the entrance length (L) was determined to be 0.05m for a Reynolds Number of 214.
Hot Water Entrance Flow Region:
Re=214
D, =4.076mm
L, =0.05m

A dimensionless value can be obtained using the following relation:

L, 50mm

=——=1227
D, 4.076mm
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Hot Water Return Velocity Profile (Re 428)
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Figure 6.118 Axial Velocity Profile of Developing Region After Elbow Section (Re 428)

Based on the cross section axial velocity profile after the elbow of the Hot Water region, it was
determined that the flow becomes fully developed at approximately 0.065m from the elbow. As
such, the entrance length (L;,) was determined to be 0.065m for a Reynolds Number of 428.
Hot Water Entrance Flow Region:
R. =428
D, =4.076mm
L, = 0.065m

A dimensionless value can be obtained using the following relation:

L, 65mm
D, 4.076mm
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Hot Water Return Velocity Profile (Re 856)
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Figure 6.119 Axial Velocity Profile of Developing Region After Elbow Section (Re 856)

Based on the cross section axial velocity profile after the elbow of the Hot Water region, it was
determined that the flow becomes fully developed at approximately 0.08m from the elbow. As
such, the entrance length (L;,) was determined to be 0.08m for a Reynolds Number of 856.
Hot Water Entrance Flow Region:
R = 856
D, =4.076mm
L, =0.08m

A dimensionless value can be obtained using the following relation:

L,  80mm
D, 4.076mm
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Hot Water Return Velocity Profile (Re 1285)
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Figure 6.120 Axial Velocity Profile of Developing Region After Elbow Section (Re 1285)

Based on the cross section axial velocity profile after the elbow of the Hot Water region, it was
determined that the flow becomes fully developed at approximately 0.1m from the elbow. As
such, the entrance length (L) was determined to be 0.1m for a Reynolds Number of 1285.

Hot Water Entrance Flow Region:

Re =1285
D, =4.076mm
L,=0.1m

A dimensionless value can be obtained using the following relation:

Ly  100mm

D, #.076mm _ *+°3
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Table 6.7 Entrance Length Results of CFD Simulations in Laminar Regime (After Elbow)

Return Velocity Profile
[Laminar Regime)

Reynolds Number | LD,
21:41 3.68
85.64 .13
14.09 12.27
42819 15.85
B36.37 19.63
128456 24.52

30 -

25 - Lh/Dh = 0.8478Re%4737
R?=0.9843

Entrance Length Correlation After Elbow (Laminar Regime)

O T T T
0 200 400 600

800
Reynolds Number

1000 1200 1400

Figure 6.121 Equation Fitting to Results of CFD Simulations in Laminar Regime (After Elbow)

A Power function was fitted to the entrance length results of the CFD simulations within
the laminar regime to approximate an hydrodynamic entrance length correlation after the
elbow section (Figure 6.121). Table 6.7 depicts the non-dimensionalized value (Lh/Dh) for the

increasing Reynolds Numbers. A coefficient of determination (R?) value of 0.9843 was obtained.
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The R? value of 0.9843 indicates an excellent fit, and that the associated correlation should
accurately predict entrance lengths for future design purposes. Based on the results of the CFD
simulations, the entrance length correlation after the elbow section of the Hot Water region

under laminar flow was determined to be the following:

L = 0.8478R,"*7% 28]

h

Where:
Ly, = Hydrodynamic Entrance Length
Dy, = Hydraulic Diameter
Re = Reynolds Number
Increasing Reynolds Numbers resulted in increased distance of the developing region
within the Hot Water section. Increased mass flow rates can cause increased forces within the

flow area. This may explain the increased hydrodynamic entrance lengths observed for

increasing Reynolds Numbers.

6.5.2 Entrance Length Correlation within the Turbulent Regime:

To better characterize the hydrodynamic effects of the Hot Water region, an additional
entrance length correlation was determined for the turbulent regime. A literature review did
not return any previous studies evaluating the entrance length of a true concentric annulus in
the turbulent regime. However, the hydrodynamic entrance length is typically much shorter for
the turbulent regime compared to the laminar regime, and is often not considered in the
analysis of turbulent flow [20]. As such, a more detailed comparison between the studied Hot
Water region semi-annulus and a true concentric annulus within the turbulent regime was not

able to be made.
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To determine a hydrodynamic entrance length correlation for turbulent flow, several
CFD simulations were run for increasing Reynolds Numbers. Similar to the laminar analysis,
entrance length correlations were determined for the inlet and after elbow sections of the Hot
Water region. Again, the entrance length was determined to be when the axial velocity was 99%
of the fully developed profile. Similar to the laminar regime analysis, the axial velocity was
plotted along a centerline of the flow area with increasing distance into the Hot Water region.
Refer to Figure 6.104 for the centerline cross section and length profile used to plot the axial
velocity at the inlet section of the Hot Water region. For this analysis, only the 0.6m heat
exchanger was considered. The Reynolds Number for each volumetric flow rate evaluated was
calculated using (Egs. [20] and [21]). The boundary conditions used for the CFD simulations to
determine the entrance length correlation within the turbulent regime are given in Table 6.8.
Figures 6.122 — 6.126 depict the axial velocity profiles for increasing Reynolds Number at the

inlet of the Hot Water region.

Table 6.8 Boundary Conditions Used for Entrance Length Determination Under Turbulent Flow

Heat Exchanger | Hot Water Volumetric Mean Fluid Reynolds Hot Water Qutlet
Leingth [m] Flow Rate [mi/min] Velocity [mfs] Number Pressure [atm]
0.6 500 0.34 2140.93 1.0
0.6 1000 0.67 47281.80 1.0
0.6 1500 1.01 BA22.78 1.0
0.6 2000 1.5 8563. 71 1.0
0.6 2500 1.68 1070464 1.0
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Hot Water Entrance Velocity Profile (Re 2141)
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Figure 6.122 Axial Velocity Profile of Developing Region at Hot Water Inlet (Re 2141)

Based on the cross section axial velocity profile of the Hot Water inlet section, it was
determined that the flow becomes fully developed at approximately 0.065m from the entrance.
As such, the entrance length (L) was determined to be 0.065m for a Reynolds Number of 2141.

Hot Water Entrance Flow Region:
R. =2141
D, =4.076mm
L, =0.065m

A dimensionless value can be obtained using the following relation:

L, 65mm

— =————=1595
D, 4.08mm
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Figure 6.123 Axial Velocity Profile of Developing Region at Hot Water Inlet (Re 4282)

Based on the cross section velocity profile of the Hot Water inlet section, it was determined that
the flow becomes fully developed at approximately 0.0875m from the entrance. As such, the

entrance length (L) was determined to be 0.0875m for a Reynolds Number of 4282.

Hot Water Entrance Flow Region:

R. =4282
D, =4.076mm
L, =0.0875m

A dimensionless value can be obtained using the following relation:

L, 87.5mm _ 2147
D, 4.08mm
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Hot Water Entrance Velocity Profile (Re 6423)
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Figure 6.124 Axial Velocity Profile of Developing Region at Hot Water Inlet (Re 6423)

Based on the cross section axial velocity profile of the Hot Water inlet section, it was
determined that the flow becomes fully developed at approximately 0.11m from the entrance.
As such, the entrance length (L) was determined to be 0.11m for a Reynolds Number of 6423.

Hot Water Entrance Flow Region:
R. = 6423
D, =4.076mm
L,=0.11m

A dimensionless value can be obtained using the following relation:

Ly 110mm 26.99
D, 4.08mm

123



Hot Water Entrance Velocity Profile (Re 8564)
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Figure 6.125 Axial Velocity Profile of Developing Region at Hot Water Inlet (Re 8564)

Based on the cross section axial velocity profile of the Hot Water inlet section, it was
determined that the flow becomes fully developed at approximately 0.13m from the entrance.

As such, the entrance length (L) was determined to be 0.13m for a Reynolds Number of 8564.

Hot Water Entrance Flow Region:
R. = 8564
D, =4.076mm
L,=0.13m

A dimensionless value can be obtained using the following relation:

L, 130mm

D, 208mm _ o189
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Hot Water Entrance Velocity Profile (Re 10705)
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Figure 6.126 Axial Velocity Profile of Developing Region at Hot Water Inlet (Re 10705)

Based on the cross section axial velocity profile of the Hot Water inlet section, it was
determined that the flow becomes fully developed at approximately 0.145m from the entrance.
As such, the entrance length (L,) was determined to be is 0.145m for a Reynolds Number of
10705.
Hot Water Entrance Flow Region:
R. = 10705

D, =4.076mm
L, =0.145m

A dimensionless value can be obtained using the following relation:

L, 145mm

D, ~ 4.08mm o>
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Table 6.9 Entrance Length Results of CFD Simulations in Turbulent Regime (At Inlet)

Entrance Velocity Profile
(Turbulent Regime)

Reynolds Number

L/ Dy,

2141
4282
6423
8504
16705

15.95
21.47
26.99
31.8%
15.57

35 - Lh/Dh = 0.3249Re05051
R?=0.9956

10 T T

Entrance Length Correlation at Inlet (Turbulent Regime)

2000 4000 6000

8000 10000 12000

Reynolds Number

Figure 6.127 Equation Fitting to Results of CFD Simulations in Turbulent Regime (At Inlet)

A Power function was fitted to the entrance length results of the CFD simulations within
the turbulent regime to approximate an entrance length correlation (Figure 6.127). Table 6.9
depicts the non-dimensionalized value (Lh/Dh) for the increasing Reynolds Numbers. A
coefficient of determination (R?) value of 0.9956 was obtained. The R? value of 0.9956 indicates

an excellent fit, and that the associated correlation should accurately predict entrance lengths
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for future design purposes. Based on the results of the CFD simulations, the entrance length
correlation at the inlet of the Hot Water entrance region under turbulent flow was determined

to be the following:

~L = 0.3249R,*5%" (2]

h

Where:
L, = Hydrodynamic Entrance Length
Dy, = Hydraulic Diameter
Re = Reynolds Number

Increasing Reynolds Numbers resulted in increased distance of the developing region
within the Hot Water section. Increased mass flow rates can cause increased forces within the
flow area and turbulent fluctuations. This may explain the increased hydrodynamic entrance
lengths observed for increasing Reynolds Numbers.

In addition to the hydrodynamic entrance length at the inlet of the Hot Water region, an
entrance length correlation was determined for the section immediately after the elbow under
turbulent flow. Again, the entrance length was determined to be when the axial velocity was
99% of the fully developed profile. The axial velocity was plotted along a centerline of the flow
area with increasing distance into the Hot Water return region. Refer to Figure 6.114 for the
centerline cross section and length profile used to plot the axial velocity profile. Figures 6.128 —
6.132 depict the return axial velocity profiles for increasing Reynolds Number. The same
boundary conditions used to determine the entrance length correlation at the inlet were used to

determine the entrance length correlation after the elbow (Table 6.8).
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Hot Water Return Velocity Profile (Re 2141)
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Figure 6.128 Axial Velocity Profile of Developing Region at Hot Water Elbow (Re 2141)

Based on the cross section axial velocity profile after the elbow of the Hot Water region, it was
determined that the flow becomes fully developed at approximately 0.09m from the elbow. As
such, the entrance length (L;,) was determined to be 0.09m for a Reynolds Number of 2141.

Hot Water Entrance Flow Region:
Re. =2141
D, =4.076mm
L, =0.09m

A dimensionless value can be obtained using the following relation:

Ly  90mm

=——=122.08
D, 4.08mm
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Hot Water Return Velocity Profile (Re 4282)
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Figure 6.129 Axial Velocity Profile of Developing Region at Hot Water Elbow (Re 4282)

Based on the cross section axial velocity profile after the elbow of the Hot Water region, it was
determined that the flow becomes fully developed at approximately 0.1225m from the elbow.
As such, the entrance length (L;) was determined to be 0.1225m for a Reynolds Number of
4282,
Hot Water Entrance Flow Region:

Re = 4282

D, =4.076mm

L, =0.1225m

A dimensionless value can be obtained using the following relation:

L, 122.5mm

=———=130.05
D,  4.08mm
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Hot Water Return Velocity Profile (Re 6423)
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Figure 6.130 Axial Velocity Profile of Developing Region at Hot Water Elbow (Re 6423)

Based on the cross section axial velocity profile after the elbow of the Hot Water region, it was
determined that the flow becomes fully developed at approximately 0.14m from the elbow. As
such, the entrance length (L) was determined to be 0.14m for a Reynolds Number of 6423.

Hot Water Entrance Flow Region:
R. = 6423
D, =4.076mm
L, =0.14m

A dimensionless value can be obtained using the following relation:

L, 140mm

D, 2.08mm S +35
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Hot Water Return Velocity Profile (Re 8564)
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Figure 6.131 Axial Velocity Profile of Developing Region at Hot Water Elbow (Re 8564)

Based on the cross section axial velocity profile after the elbow of the Hot Water region, it was
determined that the flow becomes fully developed at approximately 0.1725m from the elbow.
As such, the entrance length (L;) was determined to be 0.1725m for a Reynolds Number of
8564.
Hot Water Entrance Flow Region:

R. = 8564

D, =4.076mm

L, =0.1725m

A dimensionless value can be obtained using the following relation:

L, 172.5mm

D, 408mm 1232
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Hot Water Return Velocity Profile (Re 10705)
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Figure 6.132 Axial Velocity Profile of Developing Region at Hot Water Elbow (Re 10705)

Based on the cross section axial velocity profile after the elbow of the Hot Water region, it was
determined that the flow becomes fully developed at approximately 0.195m from the elbow. As
such, the entrance length (L) was determined to be 0.195m for a Reynolds Number of 10705.

Hot Water Entrance Flow Region:
R. = 10705
D, =4.076mm
L, =0.195m

A dimensionless value can be obtained using the following relation:

L, _ 195mm

= =47.84
D, 4.08mm
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Table 6.10 Entrance Length Results of CFD Simulations in Turbulent Regime (After Elbow)

Returm Velocity Profile
(Turbulent Regime)

Reynolds Number | LJ/Dy,
2147 22.08
AZEZ 20.05
5423 34.35
8564 42.32
106705 47.84

Entrance Length Correlation after Elbow (Turbulent Regime)

50 A

Lh/Dh = 0.5772Re0472°
R?=0.9864

15 T T T T T T T T T 1
2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000

Reynolds Number

Figure 6.133 Equation Fitting to Results of CFD Simulations in Turbulent Regime (After Elbow)

A Power function was fitted to the entrance length results of the CFD simulations within

the turbulent regime to approximate an entrance length correlation (Figure 6.133). Table 6.10
depicts the non-dimensionalized value (Lh/Dh) for the increasing Reynolds Numbers. A

coefficient of determination (R?) value of 0.9864 was obtained. The R? value of 0.9864 indicates
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an excellent fit, and that the associated correlation should accurately predict entrance lengths
for future design purposes. Based on the results of the CFD simulations, the entrance length
correlation after the elbow of the Hot Water entrance region under turbulent flow was

determined to be the following:

L = 0.5772R,"47% 130]

h

Where:
L, = Hydrodynamic Entrance Length
Dy, = Hydraulic Diameter
Re = Reynolds Number
Increasing Reynolds Numbers resulted in increased distance of the developing region
within the Hot Water section. Increased mass flow rates can cause increased forces within the

flow area and turbulent fluctuations. This may explain the increased hydrodynamic entrance

lengths observed for increasing Reynolds Numbers.

6.6 Evaluation of Pressure Drop within Hot Water Region

To further characterize the hydrodynamic properties of the unique Hot Water geometry,
pressure drop was evaluated axially within the Hot Water region. Pressure drop was evaluated
for the studied semi-annular geometry of the Hot Water region using CFD simulations and
compared to the properties of a true concentric annulus under similar boundary conditions. The

hydrodynamic properties were evaluated under both laminar and turbulent flow.

6.6.1 Pressure Drop within the Laminar Regime

Pressure drop was evaluated for similar Reynolds Numbers for both the true concentric
annulus and studied Hot Water region semi-annulus. Similar dimensions for the concentric

annulus and studied semi-annulus were used (Refer to figure 6.112). The Reynolds Numbers for
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the true concentric annulus were determined using (Eg. [20]). The hydraulic diameter of the
true concentric annulus was determined using (Eq. [24]). Table 6.11 gives the boundary
conditions used for the true concentric annulus pressure drop calculation. Table 6.12 gives the
boundary conditions used for the CFD evaluation of pressure drop within the Hot Water region
(semi-annulus) of the studied heat exchanger. The length of the heat exchanger evaluated was
0.6m. However, due to the unique configuration of the Hot Water region with the elbow

section, the length of the Hot Water region is approximately 1.2m.

Table 6.11 Boundary Conditions for True Annulus Pressure Drop Calculation (Laminar Flow)

Dymamic Valumetric Flow Mean Fluid Reynolds Hyd rodynamic

Viscosity [Pa/s] Rate [mil/min] Velocity [m)s] Mumber Diameter [mm]
8.89% 107 8.0 0.00262 21.21 5.18
8.89x% 107 325 0.01065 856.18 5.13
8.85x% 107 81.0 0.02655 214,78 5.18
.89 107 161.5 0.05293 428.23 3.18
8.89 %107 323.0 0.10586 856.46 5.18
8.89 x 107 484.0 0.15862 1283.26 5.18

Table 6.12 Boundary Conditions for CFD Evaluation of Pressure Drop (Laminar Flow)

Heat Exchanger | Volumetric Flow Mean Fluid Reynolds | Hot Water Qutlet
Length [m] Rate [ml/min] Welocity [mys] Mumber Pressure [atm]
0.6 5 0.063 2141 1.0
0.6 20 0.013 83.64 1.0
0.6 50 0.034 214.09 1.0
0.6 100 0.067 478.19 1.0
0.6 200 0.135 B56.37 1.0
0.6 300 0.202 1284.56 1.0
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To calculate the frictional pressure loss within a true concentric annulus, the following
correlation was utilized for laminar flow [26]:

dpr _ 8uv 31]
ds 2. 2 r%—rl?
ro+ri— lnrr—‘?
l

Where,
dp/ds = Frictional Pressure Drop with respect to Axial Length
u = Dynamic Viscosity [Pa/s]
v = Mean Flow Velocity [m/s]
r, = Outside Pipe Radius [m]
ri = Inside Pipe Radius [m]

This correlation is valid within the fully developed regime. The elbow section of the
studied heat exchanger results in two unique developing regions. As such, pressure drop was
only considered within the fully developed velocity regions when making a comparison to the
concentric annulus. Pressure drop within the true concentric annulus was calculated using (Eqg.
[31]). CFD simulations were run to determine the pressure drop within the studied Hot Water
region. Figure 6.134 compares the pressure drop within a true concentric annulus and the
studied semi-annulus under laminar flow. For the same Reynolds Numbers, the studied semi-
annulus has a greater pressure drop than a true concentric annulus within the laminar regime.
The flow perimeter of the studied semi-annulus is smaller than that of a true concentric annulus,
resulting in increased viscous drag on the fluid. Increased viscous forces within the semi-annulus

accounts for the greater pressure drop observed for the semi-annulus when compared to a true

concentric annulus as a function of Reynolds Number.
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Comparison of Pressure Drop in Laminar Regime
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Figure 6.134 Comparison of Pressure Drop True Annulus vs. Semi-Annulus (Laminar Flow)

To further characterize the pressure drop within the Hot Water region of the studied
heat exchanger, an axial pressure profile was plotted. Figure 6.135 depicts the axial positions on
the heat exchanger used for the pressure measurements. Pressure was determined using
surface averaged CFD data over the cross-sectional area of the Hot Water region at the specified
axial locations. Figure 6.136 depicts the axial pressure profile within the Hot Water region for
increasing Reynolds Number. The pressure drop along the length of the Hot Water region is
approximately linear within the fully developed velocity regions. However, a more significant
drop in pressure is observed at the elbow section, which is more prominent for the higher
Reynolds Number flows. The elbow section of the Hot Water region creates an abrupt change in
flow direction over a short distance (approximately 0.01m). This abrupt change in flow direction
within the elbow generates centrifugal forces which increases shear and frictional forces

resulting in the significant pressure drop observed.
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Figure 6.135 Axial Length Positions Used to Determine Axial Pressure Profile
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Figure 6.136 Axial Pressure Profile of Hot Water Region (Laminar Flow)

6.6.2 Pressure Drop within the Turbulent Regime

Pressure drop was evaluated for the studied annular geometry within the Hot Water
region and compared to the properties of a true concentric annulus under similar boundary
conditions within the turbulent regime. Pressure drop was evaluated for similar Reynolds
Numbers for both the true concentric annulus and studied Hot Water region semi-annulus.

Similar dimensions for the concentric annulus and studied semi-annulus were used (Refer to
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figure 6.112). The Reynolds Numbers for the true concentric annulus were determined using
(Eq. [20]). The hydrodynamic diameter of the true concentric annulus was determined using (Eqg.
[24]). Table 6.13 gives the boundary conditions used for the true concentric annulus pressure
drop calculation. Table 6.14 gives the boundary conditions used for the CFD evaluation of
pressure drop within the Hot Water region of the studied heat exchanger. The length of the heat
exchanger evaluated was 0.6m. However, due to the unique configuration of the Hot Water

region with the elbow section, the length of the Hot Water region is approximately 1.2m.

Table 6.13 Boundary Conditions for True Annulus Pressure Drop Calculation (Turbulent Flow)

Dymamic Volumetric Flow Mean Fluid Reynolds Hydrodynamic

Viscosity [PFafs] Rate [ml/min] Velocity [m/s] MNumber Diameter [mm]
3.89x 107 507 0.26448 2133.82 5.18
8,89 x 107 1615 0.52929 428229 5.1R
8.89x i 1422 0.75378 6522.11 5.18
8.89% 107 32295 1.05842 8563.26 5.18
8.89 % 107 4037 1.32307 10704.41 5.18

Table 6.14 Boundary Conditions for CFD Evaluation of Pressure Drop (Turbulent Flow)

Heat Exchanger | Volumetric Flow Mean Fhuid Reynolds Hot Water Outlst
Length [m] Rate [mil/min] Velocity [mfs] MNurnber Pressure [atm]
0.6 500 0.24 2140.932 1.0
0.6 1060 0.67 4781.86 1.0
0.6 1500 1.01 642278 1.0
0.6 2060 1.35 g8563.71 1.0
0.6 2500 1.68 10704.64 1.0
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To calculate the frictional pressure loss within a true annulus under turbulent flow, a modified
correlation for pipe flow was utilized [26]:

dpf _ 0.1582p0.75171.75“0.25

32
ds d.t?° 32]
Where,
dp/ds = Frictional Pressure Drop with respect to Axial Length
1 = Dynamic Viscosity [Pa/s]
v = Mean Flow Velocity [m/s]
p = Fluid Density [kg/m’]
d. = Equivalent Diameter
The equivalent diameter for a concentric annulus is given by:
d, =d, —d; [33]

Where:

d, = Outer Ring Diameter

d; = Inner Ring Diameter
For the geometry of a concentric annulus, the equivalent diameter is equal to the
hydraulic diameter. Additionally, this correlation is valid within the fully developed regime. The
elbow section of the studied heat exchanger results in two unique developing regions. As such,
pressure drop was only considered within the fully developed velocity regions when making a
comparison to the concentric annulus. Pressure drop within the true concentric annulus was
calculated using (Eq. [32]). CFD simulations were run to determine the pressure drop within the
studied Hot Water region. Figure 6.137 compares the pressure drop within a true annulus and
the studied semi-annulus under turbulent flow. For the same Reynolds Numbers, the studied
semi-annulus has a larger pressure drop than a true concentric annulus within the turbulent
regime. Again, the flow perimeter of the studied semi-annulus is smaller than that of a true
concentric annulus, resulting in increased viscous drag on the fluid. Increased viscous forces
within the semi-annulus accounts for the greater pressure drop observed for the semi-annulus
when compared to a true concentric annulus as a function of Re. Increased viscous drag forces

may also produce increased turbulent fluctuations near the wall. As such, the studied semi-
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annulus would likely enter the turbulent regime at a lower Reynolds Number than a true

concentric annulus.

Comparison of Pressure Drop in Turbulent Regime
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Figure 6.137 Comparison of Pressure Drop True Annulus vs. Semi-Annulus (Turbulent Flow)

To further characterize the pressure drop within the Hot Water region of the studied
heat exchanger, an axial pressure profile was plotted. Refer to Figure 6.135 for the axial
positions on the heat exchanger used for the pressure measurements. Figure 6.138 depicts the
axial pressure profile within the Hot Water region for increasing Reynolds Number. Similar to
the laminar regime, the pressure drop along the length of the Hot Water region is approximately
linear within the fully developed velocity regions. However, a more significant drop in pressure
is observed at the elbow section, which is more prominent for the higher Reynolds Number
flows. The elbow section of the Hot Water region creates an abrupt change in flow direction

over a short distance (approximately 0.01m). Again the abrupt change in flow direction
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produces centrifugal forces which may account for the significant pressure drop observed in the

elbow section of the Hot Water region.

Axial Pressure Profile (Turbulent Regime)
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Figure 6.138 Axial Pressure Profile of Hot Water Region (Turbulent Flow)

6.7 Evaluation of Thermal Developing Length within Hot Water Region

To further characterize the thermal properties of the unique semi-annular geometry,
the thermal developing length within the Hot Water region of the heat exchanger was
evaluated. Only turbulent flow was considered, as the typical flow rates used in Hypothermia
treatment protocols would fall into the turbulent regime.

Typically, thermal developing length can be evaluated by plotting axial temperature
profiles along the length of the geometry to determine the fully developed profile. However,

because heat transfer is present along the length of the heat exchanger this method is not
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feasible. To determine the thermal developing length when heat transfer is present, a
dimensionless temperature 0 is considered [20]:

g = 57 Tew

4
T, [34]

Where,

T, = Surface Temperature

T = Mean Bulk Temperature

Tixy) = Fluid Temperature at Specified Radius
The dimensionless temperature 6 was evaluated along a cross section of the Hot Water region
for increasing axial distance from the inlet. For the temperature value (T,)), a specified radius is
chosen and evaluated downstream with increasing axial distance. Since heat transfer occurs
along the length of the heat exchanger, the mean fluid temperature varies with axial distance. A
fully developed temperature profile exists when 0 no longer varies with increasing axial
distance.

Only the 0.6m heat exchanger length was considered. The thermal developing length
was evaluated for increasing Reynolds Number. Table 6.15 gives the boundary conditions used
for the CFD simulations to determine the thermal developing length. The thermal developing
length was evaluated at the inlet section and after the elbow section of the Hot Water region.

Both sections were considered due to the parallel/counter-parallel flow arrangement of the Hot

Water region.
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Table 6.15 Boundary Conditions Used for Thermal Developing Length Determination

Hot Water Inlet | Hot Water Volumetric| Mean Fluid Reynolds | Hot Water Qutlet
Temperature [C] | Flow Rate [mil/min] | Velooty [m/fs] MNumber Pressure [atm]
41.6 500 0.24 2140.93 10
i1.6 1000 0.67 4281.86 1.0
41.6 1500 1.01 6422, 72 10
i1.6 2000 1.35 8563.71 1.0
41.6 2500 1.68 1070464 1.0

Figure 6.139 depicts the axial positions on the heat exchanger used for the 6
calculations. Figure 6.140 and 6.141 depicts the Hot Water cross-sections used for the
calculation of 6 at the inlet and after elbow sections. All temperature values were evaluated at
planar axial cross sections within the flow area. The mean bulk temperature (T,,) was evaluated
over the cross-sectional area of the Hot Water region. The surface temperature (T,) was
evaluated as a surface average of the wall temperature at axial cross-sections along the Hot
Water region. The fluid temperature (T,)), was specified as a specific point near the center of

flow area and evaluated axially along the length of the heat exchanger.

Hot Water Dutlet .
. After Hbow Section Ebﬂ“_f Section

/ Infusate Outlet

om
Hot Water Inlet oy =

Figure 6.139 Axial Length Positions Used to Determine Dimensionless Temperature Profile
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Figure 6.140 Hot Water Sections Used for Dimensionless Temperature Calculation (At Inlet)
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Figure 6.141 Hot Water Sections Used for Dimensionless Temperature Calculation (After Elbow)

The dimensionless temperature 6 was calculated for increasing axial distance along the
length of the heat exchanger. Figures 6.142-143 depict the thermal developing profile of the Hot
Water region for increasing Reynolds Number. As expected, 6 reached an approximate
asymptotic value with increasing axial distance, or became independent of increasing axial
distance. At this point the temperature profile was determined to be fully developed and
described as the thermal developing length.

The thermal developing length of the Hot Water region increased with increasing
Reynolds Number at both the inlet and after elbow sections. As previously mentioned, the

outer-surface of the heat exchanger was specified as adiabatic and heat transfer was limited to
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the temperature gradient between the Infusate and Hot Water regions. As mass flow rate
increases, greater heat exchanger length is required to reach similar temperature profiles.
Additionally, for lower flow rates higher outlet temperatures are expected to satisfy the basic
energy balance principle. This results in the increased length of the thermal developing region
observed with increasing Reynolds Number at both the inlet and after elbow sections of the Hot

Water region.

Thermal Developing Profile (Inlet Section)
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Figure 6.142 Evaluation of 0 for Increasing Axial Length (At Inlet)
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Figure 6.144 depicts a comparison of the CFD determined thermal developing length for
the inlet and after elbow sections of the Hot Water region. The CFD simulations were conducted
for the 0.6m heat exchanger with increasing Reynolds Number. Based on the CFD simulations, it
appears that the thermal developing length (L;) increases with increasing Reynolds Number at
both the inlet and after elbow sections. An approximate correlation for the thermal developing

length within the Hot Water region was developed using the following dimensionless relation:

Figure 6.143 Evaluation of 0 for Increasing Axial Length (After Elbow)

L¢
Dp

Where,

L, = Thermal Developing Length
Dy, = Hydraulic Diameter
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Figure 6.144 CFD Determined Thermal Developing Length for Hot Water Region

As expected, an increase in Reynolds Number (increased flow rate) results in increased
thermal developing length as the hydrodynamic conditions of the flow help to stabilize and
reach fully developed thermal conditions. Thermal developing lengths at the inlet section were
greater than after the elbow section for Re < 6400. However, thermal developing lengths after
the elbow section were greater than the inlet section for Re > 6400. Pressure drop at the elbow
increases exponentially for increasing Reynolds Number. The greater thermal developing lengths
observed at after elbow section is likely the result of increased centrifugal forces and circulation
through the elbow which requires increased axial length to stabilize the thermal/hydrodynamic

profile.
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Table 6.16 Thermal Developing Length Results of CFD Simulations in Hot Water Region

Inlet Thermal Profile After Elbow Thermal Profile
Reynolds Number| L/D, | Reynolds Number| L/D,
2141 67.47 141 61.33
4282 72.60 4282 67.47
6423 75.74 6423 1874
2564 83.87 2564 892.00
10705 G814 10705 10427

A Power function was fitted to the thermal developing length results of the CFD
simulations to approximate thermal developing length correlations at the inlet and after elbow
sections of the Hot Water region (Figures 6.145 — 6.146). Table 6.16 depicts the non-
dimensionalized value (Lt/Dh) for increasing Reynolds Numbers within the inlet and after elbow

sections of the Hot Water region.
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Figure 6.145 Equation Fitting to Results of CFD Simulations to Determine L, (At Inlet)
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A coefficient of determination (R?) value of 0.908 was obtained for the correlation at the
inlet section. The R? value of 0.908 indicates an acceptable fit, and that the associated
correlation should accurately predict thermal developing lengths for future design purposes.
Based on the results of the CFD simulations, the thermal developing length correlation for the

inlet section of the Hot Water region under turbulent flow was determined to be the following:

~t = 12.503R,"*'% 36]

h

Where:
L; = Thermal Developing Length
Dy, = Hydraulic Diameter
Re = Reynolds Number

Thermal Developing Length Correlation (After Elbow)
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Figure 6.146 Equation Fitting to Results of CFD Simulations to Determine L; (After Elbow)
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A coefficient of determination (R?) value of 0.9251 was obtained for the correlation after
the elbow section. The R? value of 0.9251 indicates an acceptable fit, and that the associated
correlation should accurately predict thermal developing lengths for future design purposes.
Based on the results of the CFD simulations, the thermal developing length correlation after the
elbow section of the Hot Water region under turbulent flow was determined to be the

following:

L = 4.6473R,*%*"! 37)

h

Where:
L; = Thermal Developing Length
Dy, = Hydraulic Diameter
Re = Reynolds Number
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CHAPTER 7
CONCLUSION

Four different lengths of the heat exchanger were evaluated (0.6m, 1.2m, 1.8m, and
2.4m) to determine the effects of heat exchanger length on the outlet temperatures.
Additionally, the inlet mass flow rate of the Infusate region was evaluated to determine its
effect on outlet temperatures. Temperature and velocity profiles were evaluated using
commercial CFD software.

These CFD simulations demonstrate the effects of flow rate and inlet temperature on
the heat transfer characteristics of the studied heat exchanger. Based on the significant
temperature gradient at the Infusate outlet, more accurate temperature measurements need to
be considered (specifically mean bulk temperature). The temperature difference between the
center-point and walls of the Infusate outlet was as much as 13°C. This may have detrimental
effects on the treatment of a Hypothermic patient, as the fluids delivered may not be at the
desired temperature.

This study shows that 3D CFD modeling can be used to accurately predict the outlet
temperatures relative to the experimental data collected in a paper by Moujaes and Oliver [27].
Using a center-point temperature probe, the CFD simulations were within 8% of the
experimental values. Additionally, bulk temperature was evaluated at the outlets using CFD
modeling to more accurately represent the thermodynamic averaged temperature. However,
experimental outlet temperatures were only evaluated using a center-point temperature probe,
so more detailed temperature comparisons were not able to be made. Despite this difference, it
was concluded that the CFD model accurately represented the thermodynamic characteristics of

the heat exchanger and can be used for future design purposes.
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This study also provides insight into the hydrodynamic and thermal properties within
the Hot Water region, specifically related to the elbow section. Hydrodynamic Entrance length
correlations were developed for the Hot Water region under laminar and turbulent flow. The
CFD determined hydrodynamic entrance lengths within the studied Hot Water region (semi-
annulus) were compared to that of a true concentric annulus under similar boundary conditions
and laminar flow. The entrance length of a concentric annulus is generally longer than the semi-
annulus within the laminar regime, and the difference is more prominent for increasing
Reynolds Number. Additionally, Thermal developing length correlations were developed for the
Hot Water region under turbulent flow, which demonstrated increasing thermal developing
length for increasing Reynolds Numbers.

Pressure drop along the length of the Hot Water region (semi-annulus) was also
evaluated and compared to pressure drop within a true concentric annulus with similar
dimensions. Under both laminar and turbulent flow, the studied semi-annulus demonstrated
greater pressure drop when compared to a concentric annulus. Significant pressure drop was
observed at the elbow section of the Hot Water region, which is likely due to increased
centrifugal forces and recirculating zones as a result of the abrupt change in flow direction.

The thermal and hydrodynamic properties revealed in the CFD simulations can be used
to improve future design considerations, which may lead to improved Hypothermia treatment

protocols.

7.1 Future Work
This thesis utilized some basic assumptions to simplify the analysis. Water was used as
the working fluid for both the Infusate and Hot Water region. Typically, fluid warmers are used

to warm IV fluid such as saline or blood. For the purpose of CAVR, blood would be the working
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fluid. Future analysis should consider the thermal properties of the heat exchanger when blood
is used as the working fluid.

Additionally, when considering CAVR, the flow within the Infusate region would be
driven by the pumping action of the human circulatory system. Typically, the flow within the
human circulatory system is intermittent due to the contraction and relaxation of the heart. It
would be interesting to simulate pulsatile flow within the Infusate region to mimic the human
circulatory system. Further characterization of the temperature and velocity profiles within the
Infusate region would need to be considered for pulsatile flow.

This thesis developed an entrance length correlation for the Hot Water region under
laminar and turbulent flow. Additionally, thermal developing length and pressure drop were
evaluated within the Hot Water region. Experimental studies should be considered to verify the
results of the CFD simulations in terms of the hydrodynamic and thermal properties within the

Hot Water region.
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