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Design of the high Pressure HIgh temperature annuLUS flow (PHILUS)
Facility

Ali Haydar Karabacak

(ABSTRACT)

Critical heat flux (CHF) and post-CHF are two critical phenomena in light water-cooled

nuclear power plants regarding safety. Even though the general trends of CHF and post-

CHF are known, the exact mechanisms are still unknown. To better understand CHF and

post-CHF, experimental flow boiling facilities are constructed around the world. However,

these facilities are limited in their experimental conditions and spatial resolution necessary to

advance our understanding of two-phase heat transfer. Previous rod surface measurements

were collected with thermocouples to measure CHF location and temperature excursion, yet

thermocouples provide limited spatial resolution, which leads to significant uncertainties in

the CHF prediction. On the other hand, optical fiber temperature sensors can measure the

temperature and the CHF propagation with high spatial resolution. Also, the capability

of the optical fiber at high temperatures has been proven in previous studies. The current

study aims to apply optical fiber at high-pressure and high mass fluxes. The high-Pressure

HIgh-temperature annuLUS flow (PHILUS) facility was designed to provide desired working

conditions in the test section that uses optical fiber temperature sensors. The PHILUS test

section has a length of 1320 mm, with 1000 mm of heated length. The working conditions

of the PHILUS are up to 18 MPa, temperatures up to 357�C, and coolant mass flux from

500 to 3700 kg/m2s. The main components of the loop are a steam separator, two heat

exchangers (a condenser and a cooler), a bladder-type accumulator, two bypass lines, and



a high-pressure pump. Coolant-Boiling in Rod Arrays-Two Fluids (COBRA-TF) code was

used to design the CHF and post-CHF experiments to be performed at the PHILUS facility.



Design of the high Pressure HIgh temperature annuLUS flow (PHILUS)
Facility

Ali Haydar Karabacak

(GENERAL AUDIENCE ABSTRACT)

A nuclear power plant produces heat which is transferred from the reactor core through the

coolant. The coolant water flows through the reactor core to safely transport the heat that

ultimately is used to produce electrical energy. If the balance between the power produced

by fission and the energy removed by the coolant is changed, it can lead to potential damage

to the reactor core. The maximum heat transfer rate occurs at the point where a vapor

blanket covers the surface of the fuel cladding. At this point, known as Critical Heat Flux

(CHF), the surface temperature drastically increases. To better understand and better

predict the CHF, experimental facilities are needed. Even though there are several facilities

worldwide, most of them have limited working conditions and measurement capabilities. Past

experiments used thermocouples to measure the surface temperature with a very small spatial

resolution, which causes very large uncertainties in the CHF and post-CHF predictions. On

the other hand, optical fiber sensors can be used to measure temperature with very high

spatial resolution. The high-Pressure HIgh-temperature annuLUS flow (PHILUS) facility

was designed in this work to apply optical fibers in the measurement of the rod surface

temperature and simulations were performed to show its advantages. The working conditions

of the PHILUS are comparable to commercial pressurized water reactors.
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In the past decades, the energy consumption of the world has been increasing, as shown in

Figure 1.1. This increase will accelerate with the population growth and new-technology,

such as electric cars and electronic devices applied in the health system, transportation, and

smart cities. Nuclear energy is one of the cleanest and safest ways to meet this increasing

demand. However, nuclear reactors encompass several complex phenomena, and the critical

heat flux (CHF) is one of the most important. CHF was described in 1934 by Shiro Nukiyama

[1] as the maximum point in the two-phase heat transfer curve, and it has been studied for

almost 90 years. Several research studies contributed to understanding CHF general trends,

but the exact CHF mechanisms are still unknown. The CHF phenomenon is very complex,

and the existing prediction methods are insufficient alone to describe it. Therefore, additional

experimental data is still required.

Figure 1.1: World Total Final Consumption by Source 1971-2019 [2]

1
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Flow boiling facilities have been constructed over the years around the world to investigate

CHF [3–7]. Some of the experimental facilities are discussed in this thesis. The comparison

among these facilities reveals that most of them have very limited working conditions or

a very low spatial resolution in the surface temperature measurement. The low spatial

resolution causes large uncertainties in CHF prediction and the understanding of post-CHF

heat transfer. With the advancements in the optical fiber temperature sensors, these sensors

can be used in two-phase flow channels with very high spatial resolution and high fidelity.

Critical heat flux (CHF) is one of the most vital safety phenomena for several two-phase

heat transfer applications, such as light water-cooled nuclear power plants [8]. CHF is a

phenomenon that occurs in a two-phase flow characterized by the formation of a vapor

layer on a heated surface, which causes a severe reduction in the heat transfer coefficient

[9]. If CHF happens, the coolant’s capability to remove heat from the cladding surface

considerably decreases, leading to a rapid rise in the cladding temperature and possible fuel

failure. Therefore, understanding the nature of the CHF and the post-CHF at any flow

condition is essential for Light Water Reactors (LWRs). CHF is one of the design limits for

nuclear power plants. For example, for LWRs, the cladding temperature should not exceed

the reactor design limit ( 1204 �C for Zircolay cladding). Another example for Pressurized

Water Reactors (PWRs), the CHF should not achieve the minimum departure from nucleate

boiling ratio (MDNBR) during certain Design Basis Accidents (DBAs). Accurate prediction

of CHF is then essential to avoid the departure from nucleate boiling (DNB), which is CHF-

type at low qualities [10]. At high qualities, the CHF phenomenon is known as dryout.

Boiling Water Reactors (BWRs) are where a film of liquid coolant surrounding the rod
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surface dries out at the CHF point.[11].

Hence, this thesis describes the design of the high-Pressure HIgh-temperature annuLUS

flow (PHILUS) Facility at Virginia Tech. The PHILUS is designed to use optical fiber

as a temperature sensor under Pressurized Water Reactor (PWR) conditions. The main

components of the PHILUS are the test section, a steam separator, a condenser, a bladder

accumulator, a cooler, two bypass lines, and a high-pressure pump. The TRAC/RELAP

Advanced Computational Engine (TRACE) was used to simulate the facility during the

design phase. TRACE is a thermal-hydraulic code, and it was used to calculate the required

specification of various components. TRACE has been designed to perform best-estimate

analyses of loss-of-coolant accidents (LOCAs), operational transients, and other accident

scenarios in PWRs and BWRs [12]. TRACE was specifically used to calculate the quality at

CHF conditions, and the total pressure drop of the loop. TRACE was also used to estimate

the bypass valves requirements, the mass flux while each valve was open, partially open,

or closed. TRACE simulations were essential during the design for several reasons. Two-

phase pressure drop simulations in the entire loop are one of the most important outputs

of TRACE simulation. Additionally, CTF, the updated version of Coolant-Boiling in Rod

Arrays-Two Fluids (Cobra-TF), has also been used during the design of the PHILUS facility.

CTF is a 1-D transient code that solves energy, mass, and axial and transverse momentum

equations for fluid film, vapor, and liquid droplets. In CTF, only the test section is simulated

under the working conditions of the PHILUS facility. CTF simulation results will be used

to guide future experiments.



Boiling heat transfer occurs at operational conditions in both PWR and BWR cores. A

better understanding of boiling heat transfer is essential to increase efficiency and safety in

the reactor cores since a sufficient margin between the CHF and the maximum local heat

flux is one of the essential parameters in the reactor plant’s design, as previously discussed.

Five specific CHF facilities related to LWR reactors are described in this chapter. They are

located at research universities and research institutes.

In 1934, Nukiyama discovered the maximum and minimum heat fluxes as boundaries of

the two-phase heat transfer regimes [1]. Imagine a solid surface that is heated by a source

and surrounded by a liquid pool. After the solid surface temperature passes the saturation

temperature by a certain amount ( , reach the onset of nucleate boiling or ONB), the

heated surface starts to generate vapor through the boiling process. The logarithmic plot

of the surface heat flux and the temperature differences between the wall and saturation

(Tw � Tsat) has been illustrated in the boiling curve, as shown in Figure 2.1 [13]. The reason

for the peak is due to vapor instability in rising bubble columns on the surface. The bubbles

4



5

coalesce at the high heat fluxes as they rise and form isolated columns.

Figure 2.1: Pool Boiling Curve for Saturated Water at Atmospheric Pressure [13]

As it can also be seen in Fig. 2.1 after the B point, the heat transfer is more effective due to

the bubble formation, so the heat flux in this region (B�C) is much higher than the heat flux

in the single-phase natural convection region. The transient region (C � D) is characterized

by the unstable vapor film at the surface, while the vapor film is stable at higher heat fluxes

(D � F ). Point C is the critical heat flux condition, and point D is called the Leidenfrost

(or the minimum stable film boiling temperature). The transition boiling region can only be

seen if the wall temperature is controlled. However, in most boiling engineering applications,

q00 is the variable input, and �T cannot be controlled, so with a constant heat flux at point

C, the surface temperature suddenly increase to the point C 0.
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B � C

The nucleate boiling region (B � C) starts at the onset of nucleate boiling (point B), where

boiling can be first observed. If the liquid temperature is below saturated temperature,

subcooled nucleate boiling exists, and the bubbles collapse after detaching from the wall.

If the temperature reaches the saturation temperature with the heat flux increase, bubbles

will detach from the surface and exist in the liquid bulk. With the increase of the heat

flux, the number of nucleate size increases, and the size of the bubbles increase and start

to combine into larger bubbles. It is known that boiling usually occurs at the nucleation

sites, which depends on the wettability of the fluid-solid pair, surface profile, and the wall

super-heat [13]. Because of these complexities, there is no complete theoretical correlation

in this region[13].

The CHF occurs at point C in Figure 2.1. For a constant heat flux at point C, the surface

temperature suddenly increases to C 0. At this point, vapor covers the surface, and the heat

transfer from the coolant to the wall is drastically impaired due to the vapor blanket formed.

CHF depends upon several variables, including local quality, pressure, mass flux, flow ge-

ometry, and power profile. CHF increases with an increase in inlet sub-cooling, and mass

flux [9]. However, CHF increases with pressure to one point (around 5-6 MPa for water)

and then starts to decrease with higher pressure. Existing Computational Fluid Dynamics

(CFD) codes cannot predict CHF accurately due to the complex two-phase flow conditions.

Hence experimental correlations are commonly used for better estimation of the CHF val-

ues. Because of the dependency of CHF data on the above variable ranges, correlations have

limited applications. Unique correlations might be needed for a round tube, square channel,
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�h�?�2 �b�i�2���K �b�2�T���`���i�Q�` �B�b ���M �2�b�b�2�M�i�B���H �+�Q�K�T�Q�M�2�M�i �Q�7 �i�?�2 �i�r�Q�@�T�?���b�2 �7�H�Q�r �H�Q�Q�T�X �h�?�2 �K���B�M �T�m�`�T�Q�b�2

�Q�7 �i�?�2 �b�i�2���K �b�2�T���`���i�Q�` �B�b �b�2�T���`���i�2 �i�?�2 �p���T�Q�` ���M�/ �H�B�[�m�B�/ �Q�7 �r���i�2�`�X �h�?�2�`�2�7�Q�`�2�- ���7�i�2�` �i�?�2 �i�2�b�i

�b�2�+�i�B�Q�M �Q�m�i�H�2�i�- �i�?�2 �7�H�Q�r �B�b �/�B�`�2�+�i�2�/ �i�Q �i�?�2 �b�i�2���K �b�2�T���`���i�Q�`�X �A�M �i�?�2 �b�i�2���K �b�2�T���`���i�Q�`�- �b�2�T���`���i�2�/

�p���T�Q�` �+�Q�M�/�2�M�b�2 �p�B�� �i�?�2 �+�Q�M�/�2�M�b�2�` �r�?�B�H�2 �i�?�2 �H�B�[�m�B�/ �r���i�2�` �7�H�Q�r�b �i�?�`�Q�m�;�? �i�?�2 �K���B�M �#�v�T���b�b �H�B�M�2�X

�q�B�i�? �i�?�2 �+�Q�M�/�2�M�b�2�` ���M�/ �i�?�2 �b�i�2���K �b�2�T���`���i�Q�`�- �i�?�2 �p���T�Q�` �7�H�Q�r �r�B�H�H �#�2 �`�2�b�i�`�B�+�i�2�/ �B�M �i�?�2�b�2 �i�r�Q

�+�Q�K�T�Q�M�2�M�i�b�- ���M�/ �B�i �?�2�H�T�b �i�Q �K�B�M�B�K�B�x�2 �i�?�2 ���+�+�m�K�m�H���i�Q�` �p�Q�H�m�K�2�- ���b �/�B�b�+�m�b�b�2�/ �B�M �a�2�+�i�B�Q�M�j�X�e�X

�h�?�2 �/�2�b�B�;�M ���M�/ �r�Q�`�F�B�M�; �T���`���K�2�i�2�`�b �Q�7 �i�?�2 �b�i�2���K �b�2�T���`���i�Q�` �+���M �#�2 �b�2�2�M �B�M �h���#�H�2�j�X�N�X

�h���#�H�2 �j�X�N�, �.�2�b�B�;�M ���M�/ �q�Q�`�F�B�M�; �S���`���K�2�i�2�`�b �Q�7 �i�?�2 �a�i�2���K �a�2�T���`���i�Q�`
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�h�2�K�T�2�`���i�m�`�2 �U� C/ F �V 371:11/700 350/662

�a�i�2���K �6�H�Q�r �_���i�2 �U(kg/ s)/( lbs/ hr )�V 0:1123/891

�h�?�2 �B�M�H�2�i �Q�7 �i�?�2 �b�i�2���K �b�2�T���`���i�Q�` �B�b �+�Q�M�M�2�+�i�2�/ ���#�Q�p�2 �i�Q �i�?�2 �Q�m�i�H�2�i �Q�7 �i�?�2 �i�2�b�i �b�2�+�i�B�Q�M�X �h�?�2

�r���i�2�` �p���T�Q�` �/�2�M�b�B�i�v �B�b �K�m�+�? �H�B�;�?�i�2�` �i�?���M �i�?�2 �H�B�[�m�B�/ �r���i�2�`�- ���M�/ �i�?�2�b�2 �/�B�7�7�2�`�2�M�+�2�b �b�2�T���`���i�2 �i�?�2
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hfg
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�A�M�T�m�i

�J���b�b �6�H�m�t �Ukg/ m2:s�V �j�d�y�y �j�d�y�y �j�d�y�y �j�d�y�y �8�y�y �8�y�y �8�y�y �8�y�y �8�y�y �8�y�y �8�y�y
�h�Q�i���H �S�Q�r�2�` �UkW�V �N�e �8�3 �d�d �8�R �k�3 �9�j �R�N �j�N �k�d �9�e �R�d
�P�m�i�H�2�i �S�`�2�b�b�m�`�2 �T�Q�b�i�@�*�>�6 �UMPa�V �R�8�X�8�R�8�X�8 �d �R�N �R�8�X�8�R�8�X�8�R�8�X�8�d �d �R�N �R�N
�A�M�H�2�i �h�2�K�T �U� C�V �k�N�k �j�9�9 �k�3�8 �j�e�R �k�N�k �k�y�y �j�9�9 �k�y�y �k�3�8 �k�y�y �j�e�R

�P�m�i�T�m�i

�P�m�i�H�2�i �Z�m���H�B�i�v �y�X�y�y�9�y�X�R�R�j�y�X�R�y�9�y�X�R�j�R�y�X�j�R�R�y�X�k�y�j�y�X�9�j�d�y�X�j�R�j�y�X�9�y�j�y�X�R�d�3�y�X�8�9�e
�P�m�i�H�2�i �1�M�i�?���H�T�v �Uhoutlet �V �R�e�y�k�R�d�y�9�R�9�y�e�R�d�N�e�R�N�k�N�R�3�k�8�k�y�8�R�R�d�j�e �R�3�d�R�R�3�d�y�k�R�8�e
�1�M�i�?���H�T�v �.�B�7�7�2�`�2�M�+�2�b �"�2�i�r�2�2�M
�P�m�i�H�2�i ���M�/ �G�B�[�m�B�/ �q���i�2�` �Ukj / kg�V �U� h�V
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�+�Q�/�2 �/�2�p�2�H�Q�T�2�/ �#�v �i�?�2 �l�X�a �L�m�+�H�2���` �_�2�;�m�H���i�Q�`�v �*�Q�K�K�B�b�b�B�Q�M �(�R�k�)�X �h�?�2 �[�m���H�B�i�B�2�b ���`�2 �m�b�2�/ �i�Q

�+���H�+�m�H���i�2 �i�?�2 �+���T���+�B�i�v �Q�7 �i�?�2 �+�Q�Q�H�2�` ���M�/ �i�?�2 �+�Q�M�/�2�M�b�2�`�X �h�Q �+���H�+�m�H���i�2 �i�?�2 �M�2�+�2�b�b���`�v �?�2���i�- �i�?�2

�7�Q�H�H�Q�r�B�M�; �2�[�m���i�B�Q�M�b ���`�2 ���T�T�H�B�2�/�X

�h�?�2 �Q�m�i�H�2�i �2�M�i�?���H�T�v �Q�7 �i�?�2 �i�2�b�i �b�2�+�i�B�Q�M �+���M �#�2 �+���H�+�m�H���i�2�/ �m�b�B�M�; �1�[�X�j�X�k�X

houtlet = x�“ hg + (1 � x)hf �U�j�X�k�V

���7�i�2�` �+���H�+�m�H���i�B�M�; �i�?�2 �Q�m�i�H�2�i �2�M�i�?���H�T�v�- �1�[�X�j�X�j�+���M �#�2 �m�b�2�/ �7�Q�` �+���H�+�m�H���i�B�M�; �i�?�2 �2�M�i�?���H�T�v

�/�B�7�7�2�`�2�M�+�2 �#�2�i�r�2�2�M �i�?�2 �Q�m�i�H�2�i ���M�/ �i�?�2 �H�B�[�m�B�/ �7�H�m�B�/�X

� h = hf � houtlet �U�j�X�j�V

�q�B�i�? �i�?�B�b �2�M�i�?���H�T�v �/�B�7�7�2�`�2�M�+�2�- �`�2�[�m�B�`�2�/ �T�Q�r�2�` �/�B�7�7�2�`�2�M�+�2�b �+���M �#�2 �+���H�+�m�H���i�2�/ �m�b�B�M�; �1�[�X�j�X�9�X

�h�?�B�b �T�`�Q�p�B�/�2�b �i�?�2 �i�Q�i���H �M�2�+�2�b�b���`�v �T�Q�r�2�` �i�Q �+�Q�M�/�2�M�b�2 �i�?�2 �i�Q�i���H �p���T�Q�` �;�2�M�2�`���i�2�/ �B�M �i�?�2 �i�2�b�i

�b�2�+�i�B�Q�M�X

_QCond: = _m�“ � h �U�j�X�9�V



�k�Y�:�Y �?�¶�ž�� �2�,�«�Ñ�ž�é�Ì�¶ �«�ñ�è�ÿ�ñ�é�¶�é���� �j�d

�6�B�;�m�`�2 �j�X�R�R�, �U�G�2�7�i�V �a�+�?�2�K���i�B�+ �Q�7 �i�?�2 �*�Q�Q�H�2�` ���M�/ �U�_�B�;�?�i�V �S�B�+�i�m�`�2 �Q�7 �i�?�2 �*�Q�Q�H�2�`

�j�X�9�X�k �*�Q�Q�H�2�`

�h�?�2 �+�Q�Q�H�2�` �B�b �H�Q�+���i�2�/ �#�2�i�r�2�2�M �i�?�2 �T�`�2�b�b�m�`�B�x�2�` ���M�/ �i�?�2 �T�m�K�T�X �h�?�2 �T�B�+�i�m�`�2 ���M�/ �b�+�?�2�K���i�B�+

�Q�7 �i�?�2 �+�Q�Q�H�2�` ���`�2 �b�?�Q�r�M �B�M �6�B�;�m�`�2�j�X�R�R�h�?�2 �T�`�B�K���`�v �T�m�`�T�Q�b�2 �Q�7 �i�?�2 �+�Q�Q�H�2�` �B�b �i�Q �+�Q�Q�H �i�?�2

�b�B�M�;�H�2�@�T�?���b�2 �r���i�2�` �i�Q �i�?�2 �`�2�[�m�B�`�2�/ �B�M�H�2�i �i�2�K�T�2�`���i�m�`�2�X �a�B�M�+�2 �i�?�2 �H�Q�Q�T �B�b �r�Q�`�F�B�M�; �B�M �p���`�B�Q�m�b

�+�Q�M�/�B�i�B�Q�M�b�- �i�?�2 �*�>�6 �Q�+�+�m�`�b ���i �/�B�7�7�2�`�2�M�i �T�`�2�b�b�m�`�2�b ���M�/ �;�B�p�2�M �T�Q�r�2�`�X �A�M �Q�`�/�2�` �i�Q �+���H�+�m�H���i�2 �i�?�2

�`�2�[�m�B�`�2�/ �?�2���i �i�`���M�b�7�2�` �Q�7 �i�?�2 �+�Q�Q�H�2�`�- �i�?�2 �7�Q�H�H�Q�r�B�M�; �b�i�2�T�b ���T�T�H�v �h�_���*�1 �b�B�K�m�H���i�B�Q�M �/���i���-

_QCooler = Total Power� _QCond: �U�j�X�8�V

�A�7 �i�?�2 �7�H�Q�r �B�b �b�B�M�;�H�2�@�T�?���b�2 ���7�i�2�` �i�?�2 �K���t�B�K�m�K �/�2�b�B�;�M �T�Q�r�2�` �U�R�y�y �F�q�V �B�M �i�?�2 �i�2�b�i �b�2�+�i�B�Q�M�- �i�?�2

�7�H�Q�r �+���M�M�Q�i �#�2 �/�B�`�2�+�i�2�/ �i�Q �i�?�2 �+�Q�M�/�2�M�b�2�`�- �b�Q �i�?�2 �+�Q�Q�H�2�` �B�b �i�?�2 �Q�M�H�v �?�2���i �2�t�+�?���M�;�2 �+�Q�K�T�Q�M�2�M�i�X

�"�2�+���m�b�2 �Q�7 �i�?���i�- �i�?�2 �+�Q�Q�H�2�` �B�b �/�2�b�B�;�M�2�/ �i�Q �`�2�K�Q�p�2 �i�?�2 �K���t�B�K�m�K �/�2�b�B�;�M �T�Q�r�2�` �Q�7 �i�?�2 �i�2�b�i



�j�3 �+�Ñ�ž�ÿ���¶�� �k�Y �/�¶���Ô�Ì�é �ñ�Å ���Ñ�¶ �T�?�B�H�m�b

�b�2�+�i�B�Q�M �U�R�y�y �F�q�V�X

�j�X�9�X�j �*���H�+�m�H���i�B�Q�M �Q�7 �_�2�[�m�B�`�2�/ �>�2���i �h�`���M�b�7�2�` �a�m�`�7���+�2

�h�?�2 �i�Q�i���H �?�2���i �i�`���M�b�7�2�` �b�m�`�7���+�2 �U�a�V �7�Q�` �i�?�2 �+�Q�Q�H�2�` ���M�/ �i�?�2 �+�Q�M�/�2�M�b�2�` �+�Q�K�T�Q�M�2�M�i�b �+���M �#�2

�+���H�+�m�H���i�2�/ �r�B�i�? �1�[�X�j�X�e�X �h�Q �+���H�+�m�H���i�2 �B�i�- �i�?�2 �T�Q�r�2�` �U_Q�V�- �Q�p�2�`���H�H �?�2���i �i�`���M�b�7�2�` �+�Q�2�7�7�B�+�B�2�M�i �U�>�V�-

�i�?�2 �H�Q�;���`�B�i�?�K�B�+ �K�2���M �i�2�K�T�2�`���i�m�`�2 �/�B�7�7�2�`�2�M�+�2 �7�Q�` �+�Q�m�M�i�2�`�@�7�H�Q�r ���`�`���M�;�2�K�2�M�i �U� �hLM �V�- ���M�/ ��

�+�Q�`�`�2�+�i�B�Q�M �7���+�i�Q�` �U�6�V �b�?�Q�m�H�/ �#�2 �F�M�Q�r�M�X

S =
_Q

H � TLM F
�U�j�X�e�V

�A�M �Q�`�/�2�` �i�Q �+���H�+�m�H���i�2 �i�?�2 �?�2���i �i�`���M�b�7�2�` �`���i�2 �B�M �� �+�Q�Q�H�2�` �U�b�B�M�;�H�2�@�T�?���b�2�@�H�B�[�m�B�/�V�- �1�[�X�j�X�d�+���M �#�2

�m�b�2�/�X �J���b�b �7�H�Q�r �`���i�2 ���i �i�?�2 �b�?�2�H�H �b�B�/�2 �Ums�V�- �K���b�b �7�H�Q�r �`���i�2 ���i �i�?�2 �i�m�#�2 �b�B�/�2 �Umt �V�- �b�T�2�+�B�7�B�+

�?�2���i �b�?�2�H�H ���M�/ �i�m�#�2 �b�B�/�2 �UCpst �V�- ���M�/ �B�M�H�2�i ���M�/ �Q�m�i�H�2�i �i�2�K�T�2�`���i�m�`�2 �Q�7 �i�?�2 �b�?�2�H�H ���M�/ �i�m�#�2 �b�B�/�2

�UTst �V �b�?�Q�m�H�/ �#�2 �F�M�Q�r�M�X

_Q = _msCps (Tos � Ti s ) = _mtCpt (Ti t � Tot ) �U�j�X�d�V

�>�2���i �i�`���M�b�7�2�` �`���i�2 �+���H�+�m�H���i�B�Q�M �B�M �i�r�Q�@�T�?���b�2 �7�H�Q�r �B�b �2�t�T�H���B�M�2�/ �B�M �a�m�#�b�2�+�i�B�Q�M�j�X�9�X�R�X

�h�Q �+���H�+�m�H���i�2 �i�?�2 �Q�p�2�`���H�H �?�2���i �i�`���M�b�7�2�` �+�Q�2�7�7�B�+�B�2�M�i �r�B�i�? �1�[�X�j�X�3�- �i�?�2 �b�?�2�H�H �b�B�/�2 ���M�/ �i�?�2 �i�m�#�2

�b�B�/�2 �?�2���i �i�`���M�b�7�2�` �+�Q�2�7�7�B�+�B�2�M�i �b�?�Q�m�H�/ �#�2 �F�M�Q�r�M�X

1
H

=
1
hs

�
1
ht

�U�j�X�3�V

�h�?�2 �H�Q�;���`�B�i�?�K�B�+ �K�2���M �i�2�K�T�2�`���i�m�`�2 �/�B�7�7�2�`�2�M�+�2 �7�Q�` �+�Q�m�M�i�2�`�@�7�H�Q�r ���`�`���M�;�2�K�2�M�i �+���M �#�2 �+���H�+�m�H���i�2�/



�k�Y�:�Y �?�¶�ž�� �2�,�«�Ñ�ž�é�Ì�¶ �«�ñ�è�ÿ�ñ�é�¶�é���� �j�N

�r�B�i�? �i�?�2 �b���K�2 �T���`���K�2�i�2�`�b �i�?���i ���`�2 �T�`�Q�p�B�/�2�/ �B�M �1�[�X�j�X�N�X

� TLM =
(Ti t � Tos ) � (Tot � Ti s )

�H�MTi t � Tos

Tot � Ti s

�U�j�X�N�V

�h�?�2 �`�2�[�m�B�`�2�/ �b�m�`�7���+�2 �7�Q�` ���M�v �?�2���i �2�t�+�?���M�;�2�` �+���M �#�2 �+���H�+�m�H���i�2�/ �r�B�i�? ���H�H �i�?�B�b �B�M�7�Q�`�K���i�B�Q�M�X �>�Q�r�@

�2�p�2�`�- �i�?�2 �i�r�Q �K�B�b�b�B�M�; �p���H�m�2�b �7�Q�` �m�b ���`�2 �i�?�2 �+�Q�`�`�2�+�i�B�Q�M �7���+�i�Q�` ���M�/ �i�?�2 �?�2���i �i�`���M�b�7�2�` �+�Q�2�7�7�B�+�B�2�M�i

�7�Q�` �#�Q�i�? �i�?�2 �b�?�2�H�H ���M�/ �i�m�#�2 �b�B�/�2�b�X

�h�Q �T�`�Q�p�B�/�2 �6�- �1�[�X�j�X�R�y�(�k�e�) �M�2�2�/�b �i�Q �#�2 �+���H�+�m�H���i�2�/�X

F =

r
R2 � 1
R � 1

�
�H�M(1 � P) � (1 � (P � R))

�H�M2� (P � R)+1 �
p

R2+1
2� (P � R)+1+

p
R2+1

�U�j�X�R�y�V

�*�Q�`�`�2�+�i�B�Q�M �+�Q�2�7�7�B�+�B�2�M�i �U�_�V ���M�/ �1�7�7�B�+�B�2�M�+�v �U�S�V �+���M �#�2 �7�Q�m�M�/ �r�B�i�? �1�[�X�j�X�R�R���M�/ �1�[�X�j�X�R�k�X

R =
Tt i � Tto

Tso � Tsi

�U�j�X�R�R�V

P =
Tso � Tsi

Tto � Tsi

�U�j�X�R�k�V

�Q�` �B�i �B�b �2���b�B�2�` �i�Q �+���H�+�m�H���i�2 �r�B�i�? �6�B�;�m�`�2�j�X�R�k

�A�M �Q�`�/�2�` �i�Q �+���H�+�m�H���i�2 �i�?�2 �i�m�#�2 �b�B�/�2 �?�2���i �i�`���M�b�7�2�` �+�Q�2�7�7�B�+�B�2�M�i�- �i�?�2 �_�2�v�M�Q�H�/�b �M�m�K�#�2�` ���M�/ �i�?�2

�S�`���M�/�i�H �M�m�K�#�2�` �Q�7 �i�?�2 �7�H�Q�r �B�M �i�?�2 �i�m�#�2 �b�B�/�2 �b�?�Q�m�H�/ �#�2 �F�M�Q�r�M�X �6�Q�` �_�2�v�M�Q�H�/�b �M�m�K�#�2�`�b �H���`�;�2�`

�i�?���M �i�2�M �i�?�Q�m�b���M�/�- �1�[�X�j�X�R�j�(�k�d�) �+���M �#�2 �m�b�2�/�X

�h�m�#�2 �b�B�/�2 �?�2���i �i�`���M�b�7�2�` �+�Q�2�7�7�B�+�B�2�M�i�,



�9�y �+�Ñ�ž�ÿ���¶�� �k�Y �/�¶���Ô�Ì�é �ñ�Å ���Ñ�¶ �T�?�B�H�m�b

�6�B�;�m�`�2 �j�X�R�k�, �*�Q�`�`�2�+�i�B�Q�M �7���+�i�Q�` �7�Q�` �/�B�7�7�2�`�2�M�i �7�H�Q�r �i�v�T�2�b



�k�Y�:�Y �?�¶�ž�� �2�,�«�Ñ�ž�é�Ì�¶ �«�ñ�è�ÿ�ñ�é�¶�é���� �9�R

ht = 0:027�
kt

do
� Ret

0:8 � P r t
1/3 �

�
� t

� wt

� 0:14

�U�j�X�R�j�V

�_�2�v�M�Q�H�/�b �M�m�K�#�2�`�b �+���M �#�2 �+���H�+�m�H���i�2�/ �r�B�i�? �1�[�X�j�X�R�9�X �h�Q �+���H�+�m�H���i�2 �i�?�2 �_�2�v�M�Q�H�/�b �M�m�K�#�2�`�-

�p�2�H�Q�+�B�i�v �Q�7 �i�?�2 �i�m�#�2 �b�B�/�2 �b�?�Q�m�H�/ �#�2 �F�M�Q�r�M�X �o�2�H�Q�+�B�i�v �+���M �#�2 �+���H�+�m�H���i�2�/ �r�B�i�? �1�[�X�j�X�R�8

�r�?�2�`�2�-� ���M�/d ���`�2 �i�?�2 �/�v�M���K�B�+ �p�B�b�+�Q�b�B�i�v ���M�/ �/�B���K�2�i�2�` �Q�7 �i�?�2 �i�m�#�2�- �`�2�b�T�2�+�i�B�p�2�H�v�X �a�m�#�b�+�`�B�T�i�B�Q�M

�Q ���M�/ �B �`�2�T�`�2�b�2�M�i �Q�m�i�2�` ���M�/ �B�M�H�2�i�- �`�2�b�T�2�+�i�B�p�2�H�v�X

Ret =
� � vt � di

� t
�U�j�X�R�9�V

vt =
mt

� t � A tube � N
�U�j�X�R�8�V

�r�?�2�`�2�-mt �B�b �i�?�2 �K���b�b �7�H�Q�r �Q�7 �i�?�2 �i�m�#�2 �b�B�/�2�-� t �B�b �i�?�2 �/�2�M�b�B�i�v �Q�7 �i�?�2 �r���i�2�` �Q�M �i�?�2 �i�m�#�2 �b�B�/�2�-

A tube �B�b �i�?�2 �7�H�Q�r ���`�2�� �Q�7 �2���+�? �i�m�#�2�- ���M�/N �B�b �i�?�2 �M�m�K�#�2�` �Q�7 �i�m�#�2�b �B�M �i�?�2 �b�?�2�H�H �b�B�/�2�X

�S�`���M�/�i�H �M�m�K�#�2�` �+���M �#�2 �+���H�+�m�H���i�2�/ �r�B�i�? �1�[�X�j�X�R�e�X

Pr t =
(� t � cpt )

kt
�U�j�X�R�e�V

�r�?�2�`�2�-� t �B�b �i�?�2 �i�m�#�2 �b�B�/�2�b �p�B�b�+�Q�b�B�i�v �Q�7 �i�?�2 �r���i�2�`�-kt �B�b �i�?�2 �i�?�2�`�K���H �+�Q�M�/�m�+�i�B�p�B�i�v�-cpt �B�b �i�?�2

�b�T�2�+�B�7�B�+ �?�2���i �+���T���+�B�i�v ���i �+�Q�M�b�i���M�i �T�`�2�b�b�m�`�2 ���i �i�?�2 �i�m�#�2 �b�B�/�2�X

�h�?�2 �b�?�2�H�H �b�B�/�2 �?�2���i �i�`���M�b�7�2�` �+�Q�2�7�7�B�+�B�2�M�i �(�k�d�)�,

hs =
j i Cpsvs� s

n

Pr2/3
s

�U�j�X�R�d�V



�9�k �+�Ñ�ž�ÿ���¶�� �k�Y �/�¶���Ô�Ì�é �ñ�Å ���Ñ�¶ �T�?�B�H�m�b

�r�?�2�`�2j i ���M�/� s
n �c

j i = 1:73� Re(� 0:694)
s 1 � Res < 100 �U�j�X�R�3���V
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�i�?�2 �T�`�2�b�b�m�`�2 �/�`�Q�T �B�b �K���B�M�H�v �/�m�2 �i�Q �r���H�H �7�`�B�+�i�B�Q�M �B�M �2���+�? �+�Q�K�T�Q�M�2�M�i�X �h�?�2�M�- �i�?�2 �b�B�M�;�H�2�@�T�?���b�2

�T�`�2�b�b�m�`�2 �/�`�Q�T �+���M �#�2 �+���H�+�m�H���i�2�/ �m�b�B�M�; �1�[�X�j�X�k�k�X
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�U�j�X�k�k�V

�r�?�2�`�2 �7�- �G�- �.�- �o�- ���M�/� �- �`�2�T�`�2�b�2�M�i �.���`�+�v �7�`�B�+�i�B�Q�M �7���+�i�Q�`�- �T�B�T�2 �H�2�M�;�i�?�- �T�B�T�2 �/�B���K�2�i�2�`�- �7�H�m�B�/

�/�2�M�b�B�i�v�- ���M�/ �7�H�m�B�/ �p�2�H�Q�+�B�i�v�- �`�2�b�T�2�+�i�B�p�2�H�v�X

�h�Q �/�2�i�2�`�K�B�M�2 �i�?�2 �7�`�B�+�i�B�Q�M �7���+�i�Q�`�- �_�2�v�M�Q�H�/�b�ö�b �M�m�K�#�2�` �b�?�Q�m�H�/ �#�2 �F�M�Q�r�M�-
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�U�j�X�k�j�V

�h�?�2 �7�H�Q�r �B�b �B�M �i�?�2 �H���K�B�M���` �`�2�;�B�Q�M �r�?�2�MRe < 2100�- ���M�/ �i�?�2 �7�`�B�+�i�B�Q�M �7���+�i�Q�` �+���M �#�2 �+���H�+�m�H���i�2�/

�r�B�i�? �1�[�X�j�X�k�9�X

f =
64
Re

�U�j�X�k�9�V

�q�?�2�MRe > 4000�- �7�H�Q�r �B�b �i�m�`�#�m�H�2�M�i�- ���M�/ �7�`�B�+�i�B�Q�M �7���+�i�Q�` �+���M �#�2 �Q�#�i���B�M�2�/ �#�v �b�Q�H�p�B�M�; �*�Q�H�2�#�`�Q�Q�F
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�r�?�2�`�2" �B�b �T�B�T�2 �`�Q�m�;�?�M�2�b�b�X

�6�Q�2̀100< Re < 4000�- �i�?�2 �7�H�Q�r �B�b �B�M �i�?�2 �+�`�B�i�B�+���H �x�Q�M�2 �i�?���i �?���b �M�Q �/�2�7�B�M�B�i�2 �7�`�B�+�i�B�Q�M �7���+�i�Q�`�X

�*�?�m�`�+�?�B�H�H �1�[�X�j�X�k�e�- �j�X�k�d�- �j�X�k�3�(�k�3�) �T�`�2�/�B�+�i�b �7�`�B�+�i�B�Q�M �7���+�i�Q�` �7�Q�` �i�?�2 �2�M�i�B�`�2 �7�H�Q�r �`�2�;�B�K�2 �7�`�Q�K

�H���K�B�M���` �i�Q �i�m�`�#�m�H�2�M�i�- ���M�/ �B�i �+���M �#�2 �m�b�2�/ �i�Q �;�2�i ���M �2�b�i�B�K���i�2 �7�Q�` �7�`�B�+�i�B�Q�M �7���+�i�Q�` �B�M �i�?�B�b �x�Q�M�2�X
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�U�j�X�k�3�V

�h�?�2�b�2 �2�[�m���i�B�Q�M�b ���`�2 ���T�T�H�B�+���#�H�2 �i�Q �� �b�B�M�;�H�2�@�T�?���b�2 �7�H�Q�r�X �6�Q�` �i�r�Q�@�T�?���b�2 �7�H�Q�r�- �Q�M�2 �Q�7 �i�?�2 �K�Q�b�i

�+�Q�K�K�Q�M �K�2�i�?�Q�/�b �i�Q �+���H�+�m�H���i�2 �T�`�2�b�b�m�`�2 �/�`�Q�T �B�b �i�?�2 �G�Q�+�F�?���`�i�@�J���`�i�B�M�2�H�H�B �K�m�H�i�B�T�H�B�2�` �(�R�j�)�X �h�?�2�`�2

���`�2 �i�r�Q �K���B�M ���b�b�m�K�T�i�B�Q�M�b �/�m�`�B�M�; �i�?�B�b ���T�T�`�Q���+�?�,

�R�@�h�?�2 �b�B�M�;�H�2�@�T�?���b�2 �T�`�2�b�b�m�`�2 �/�`�Q�T �`�2�H���i�B�Q�M�b �+���M �#�2 ���T�T�H�B�2�/ �i�Q �2���+�? �Q�7 �i�?�2 �T�?���b�2�b �B�M �i�?�2 �i�r�Q�@

�T�?���b�2 �7�H�Q�r �7�B�2�H�/�X

�k�@�h�?�2 �T�`�2�b�b�m�`�2 �;�`���/�B�2�M�i�b �Q�7 �i�?�2 �i�r�Q �T�?���b�2�b ���`�2 �2�[�m���H ���i ���M�v ���t�B���H �T�Q�b�B�i�B�Q�M�X

�h�?�2 �T�`�2�b�b�m�`�2 �/�`�Q�T �#�v �;�`���p�B�i�v �+���M �#�2 �+���H�+�m�H���i�2�/ �r�B�i�? �1�[�X�j�X�k�N�X

� Pgravity = � � g � � H �U�j�X�k�N�V

�r�?�2�`�2� H (m) �B�b �p�2�`�i�B�+���H �2�H�2�p���i�B�Q�M �Q�` �/�`�Q�T�-� (kg/m3) �B�b �i�?�2 �/�2�M�b�B�i�v �Q�7 �i�?�2 �r���i�2�`�- ���M�/g (m/ s2)

�B�b �i�?�2 ���+�+�2�H�2�`���i�B�Q�M �Q�7 �i�?�2 �;�`���p�B�i�v�X

�h�?�2 �T�`�2�b�b�m�`�2 �/�`�Q�T �B�M �b�B�M�;�H�2�@�T�?���b�2 �#�v ���+�+�2�H�2�`���i�B�Q�M �+���M �#�2 �+���H�+�m�H���i�2�/ �r�B�i�? �1�[�X�j�X�j�y�X

� Pacc =
_m2
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A1
2 ) �U�j�X�j�y�V

�r�?�2�`�2A �B�b �i�?�2 �7�H�Q�r ���`�2���X

�h�?�2 �S�>�A�G�l�a �B�b �� �i�r�Q�@�T�?���b�2 �H�Q�Q�T�X �h�_���*�1 �b�B�K�m�H���i�B�Q�M�b �r�2�`�2 �m�b�2�/ �#�v �S���m�H �>�m�`�H�2�v �i�Q �/�2�i�2�`�@

�K�B�M�2 �i�?�2 �`�2�[�m�B�`�2�/ �i�Q�i���H �T�`�2�b�b�m�`�2 �/�`�Q�T �B�M �i�?�2 �H�Q�Q�T�X �h�?�2 �`�2�b�m�H�i�b �Q�7 �h�_���*�1 ���`�2 �b�?�Q�r�M �B�M �h���#�H�2

�j�X�R�8�X �S�`�2�b�b�m�`�2 �+�?���M�;�2 �B�M �i�?�2 �H�Q�Q�T �B�b �+���H�+�m�H���i�2�/ �#�v �i�?�2 �+�?���M�;�2 �B�M �i�?�2 �T�m�K�T�ö�b �B�M�H�2�i ���M�/ �Q�m�i�H�2�i�X

�q�B�i�? �i�?�B�b �+�?���M�;�2�- �i�?�2 �T�`�2�b�b�m�`�2 �/�`�Q�T �+���M �#�2 �+�Q�M�p�2�`�i�2�/ �i�Q �i�?�2 �T�`�2�b�b�m�`�2 �?�2���/ �r�B�i�? �1�[�m���i�B�Q�M
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�j�X�j�R�X ���H�H �i�?�2 �b�B�K�m�H���i�B�Q�M�b �B�M �h���#�H�2�j�X�R�8�`�m�M ���i �R�3 �J�S�� ���i �y �b�m�#�@�+�Q�Q�H�2�/ �r�B�i�? �p���`�B�Q�m�b �K���b�b

�7�H�m�t�2�b�X �h�?�2 �T�m�`�T�Q�b�2 �Q�7 �i�?�2 �K���b�b �7�H�m�t �p���`�B�2�i�v �B�M �i�?�2 �b�B�K�m�H���i�B�Q�M �B�b �i�Q �`�2���+�? �i�?�2 �/�2�b�B�`�2�/ �K���b�b

�7�H�m�t �B�M �i�?�2 �i�2�b�i �b�2�+�i�B�Q�M �r�B�i�? �K�B�M�B�K�m�K �T�`�2�b�b�m�`�2 �/�`�Q�T�X ���H�b�Q�- �i�?�2�`�2 �B�b �i�?�2 �K���B�M �#�v�T���b�b �H�B�M�2

�r�B�i�? �i�?�2 �#�v�T���b�b �p���H�p�2 �#�2�i�r�2�2�M �i�?�2 �Q�m�i�H�2�i �Q�7 �i�?�2 �?�B�;�?�@�T�`�2�b�b�m�`�2 �T�m�K�T ���M�/ �i�?�2 �B�M�H�2�i �Q�7 �i�?�2 �i�2�b�i

�b�2�+�i�B�Q�M�X �h�?�2 �K���B�M �#�v�T���b�b �H�B�M�2 �B�b �M�2�+�2�b�b���`�v �i�Q �`�m�M �i�?�2 �T�m�K�T ���i �� �p�2�`�v �H�Q�r �7�H�Q�r �`���i�2 ���M�/ �?���p�2

�� �H�Q�r�2�` �i�Q�i���H �T�`�2�b�b�m�`�2 �?�2���/ �r�B�i�? �� �K���t�B�K�m�K �7�H�Q�r �`���i�2�X �q�B�i�? �i�?�2 �?�2�H�T �Q�7 �i�?�2 �#�v�T���b�b �H�B�M�2�- �i�?�2

�b�2�`�p�B�+�2���#�H�2 �T�`�2�b�b�m�`�2 �?�2���/ �B�b �+���H�+�m�H���i�2�/ �i�Q �#�2 �R�8�y �7�2�2�i �B�M �i�?�2 �S�>�A�G�l�a�X �J���t�B�K�m�K �2�t�T�2�+�i�2�/

�T�`�2�b�b�m�`�2 �/�`�Q�T �B�M �i�?�2 �S�>�A�G�l�a �B�b ���i �R�3 �J�S�� �r�B�i�? �j�d�y�ykg/m2s�X �h�?�2 �i�Q�i���H �T�`�2�b�b�m�`�2 �?�2���/ �B�M

�i�?�B�b �+�Q�M�/�B�i�B�Q�M �B�b �3�k�X�y�3�N �7�i �r�?�2�M �i�?�2 �#�v�T���b�b �p���H�p�2 �B�b �+�H�Q�b�2�/�- ���M�/ �B�i �B�b ���b�b�m�K�2�/ �i�?���i �B�i �r�B�H�H �#�2

�/�Q�m�#�H�2�/ �r�?�2�M �i�?�2 �i�2�b�i �b�2�+�i�B�Q�M �B�b �?�2���i�2�/�X

�h���#�H�2 �j�X�R�8�, �h�Q�i���H �T�`�2�b�b�m�`�2 �?�2���/ �b�B�K�m�H���i�B�Q�M �B�M �m�M�?�2���i�2�/ �i�2�b�i �b�2�+�i�B�Q�M �B�M �h�_���*�1 �b�B�K�m�H���i�B�Q�M

�h�2�b�i �L�Q

�h�2�b�i �a�2�+�i�B�Q�M

�J���b�b �6�H�m�t

�Ukg/m2s�V

�o���H�p�2 �6�H�Q�r

���`�2�� �6�`���+�i�B�Q�M

�S�m�K�T �6�H�Q�r �_���i�2

�U�:�S�J�V

�h�Q�i���H �S�`�2�b�b�m�`�2 �>�2���/

�U�7�i�V

�R �8�y�y �R�X�y �U�P�S�1�L�V �e�X�y�N �j�X�e�N�R

�k �8�y�y �y�X�k �9�X�d�k �k�X�d�9�j

�j �8�y�y �y�X�R �k�X�N�k �k�X�y�d�N

�9 �8�y�y �y�X�y �U�*�G�P�a�1�.�V �R�X�R�e �R�X�8�R�N

�8 �j�d�y�y �R�X�y �9�8�X�y�d �R�N�d�X�k�k�d

�e �j�d�y�y �y�X�k �j�9�X�N�R �R�9�9�X�8�k�e

�d �j�d�y�y �y�X�R �k�R�X�e�9 �R�y�j�X�k�8�d

�3 �j�d�y�y �y�X�y �3�X�8�3 �3�k�X�y�3�N

h =
� P
�g
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�r�?�2�`�2� �B�b �/�2�M�b�B�i�v �Q�7 �r���i�2�` ���i �i�?�2 �Q�m�i�H�2�i �T�`�2�b�b�m�`�2�-� P �B�b �i�?�2 �T�`�2�b�b�m�`�2 �/�`�Q�T �U�S���V�- ���M�/ �; �B�b

���+�+�2�H�2�`���i�B�Q�M �Q�7 �;�`���p�B�i�v�X

�j�X�e ���+�+�m�K�m�H���i�Q�`

�h�?�2 ���+�+�m�K�m�H���i�Q�` �B�b ���M�Q�i�*�Q�K�T���`�B�b�Q�M�?�2�` �2�b�b�2�M�i�B���H �+�Q�K�T�Q�M�2�M�i �Q�7 �i�?�2 �?�B�;�?�@�T�`�2�b�b�m�`�2 �7���+�B�H�B�i�v

�#�2�+���m�b�2 �B�i �B�b �Q�M�2 �Q�7 �i�?�2 �2���b�B�2�b�i �r���v�b �i�Q �+�Q�T�2 �r�B�i�? �T�`�2�b�b�m�`�2 �Q�b�+�B�H�H���i�B�Q�M ���M�/ �2�t�T���M�b�B�Q�M �Q�7 �i�?�2

�r���i�2�` �/�m�2 �i�Q �i�?�2 �T�?���b�2 �+�?���M�;�2 ���M�/ �T�`�2�b�b�m�`�2 �+�?���M�;�2�X �a�B�M�+�2 �T�`�2�b�b�m�`�2 ���7�7�2�+�i�b �i�?�2 �+�`�B�i�B�+���H �?�2���i

�7�H�m�t �#�2�?���p�B�Q�`�- �B�i �B�b �2�b�b�2�M�i�B���H �i�Q �?���p�2 �� �b�K�Q�Q�i�? �T�`�2�b�b�m�`�2 �/�m�`�B�M�; �i�?�2 �/�m�`���i�B�Q�M �Q�7 �2���+�? �2�t�T�2�`�B�K�2�M�i�-

�2�b�T�2�+�B���H�H�v ���i �i�?�2 �Q�m�i�H�2�i �Q�7 �i�?�2 �i�2�b�i �b�2�+�i�B�Q�M�X �h�?�2�`�2 ���`�2 �/�B�7�7�2�`�2�M�i �i�v�T�2�b �Q�7 ���+�+�m�K�m�H���i�Q�`�b�X �h�r�Q
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�i�2�K�T�2�`���i�m�`�2 ���T�T�H�B�+���i�B�Q�M�X
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�h�?�2 �T�B�b�i�Q�M �Q�` �i�?�2 �#�H���/�/�2�` �b�i�Q�`�2 �T�`�2�b�b�m�`�B�x�2�/ �;���b ���M�/ �b�2�T���`���i�2 �i�?�2 �;���b �7�`�Q�K �i�?�2 �7�H�m�B�/ �B�M �i�?�2

�H�Q�Q�T�X �� �+�?���`�;�B�M�; �p���H�p�2 �B�b �+�Q�M�M�2�+�i�2�/ �i�Q �i�?�2 �i�Q�T �Q�7 �i�?�2 ���+�+�m�K�m�H���i�Q�`�b�X �h�?�2�`�2 ���`�2 �b�T�`�B�M�;�b

���M�/ �� �T�Q�T�T�2�i ���i �i�?�2 �#�Q�i�i�Q�K �Q�7 �i�?�2 �#�H���/�/�2�` ���+�+�m�K�m�H���i�Q�`�b�X �h�?�2 �T�B�b�i�Q�M ���+�+�m�K�m�H���i�Q�`�b �?���p�2 ��

�T�B�b�i�Q�M �i�Q �`�2�;�m�H���i�2 �i�?�2 �p�Q�H�m�K�2 �Q�7 �i�?�2 ���+�+�m�K�m�H���i�Q�`�X �h�?�2 �?�v�/�`���m�H�B�+ �+���T ���i �i�?�2 �#�Q�i�i�Q�K �Q�7 �#�Q�i�?

���+�+�m�K�m�H���i�Q�`�b �?���b �#�2�2�M �m�b�2�/ �i�Q �+�Q�M�M�2�+�i �i�?�2 ���+�+�m�K�m�H���i�Q�`�b �i�Q �i�?�2 �H�Q�Q�T�X �� �+�`�Q�b�b�@�b�2�+�i�B�Q�M���H �p�B�2�r

�Q�7 �i�?�2 ���+�+�m�K�m�H���i�Q�`�b �+���M �#�2 �b�2�2�M �B�M �6�B�;�m�`�2�j�X�R�9�X

�"�2�+���m�b�2 �Q�7 �i�?�2 �T�`�2�b�b�m�`�2 �`���i�2�- �b�B�x�2�- ���M�/ �+�Q�b�i�- �� �#�H���/�/�2�` �i�v�T�2 ���+�+�m�K�m�H���i�Q�` �r���b �+�?�Q�b�2�M�X ��

�#�H���/�/�2�` �i�v�T�2 �Q�7 ���+�+�m�K�m�H���i�Q�` �B�b �m�b�2�/ �B�M �i�?�2 �b�v�b�i�2�K �i�Q �+�Q�M�i�`�Q�H �i�?�2 �T�`�2�b�b�m�`�2 ���M�/ �?���p�2 �7�H�2�t�B�#�H�2

�p�Q�H�m�K�2 �7�Q�` �i�?�2 �i�?�2�`�K���H �2�t�T���M�b�B�Q�M�X �h�?�2 �2�t�T���M�b�B�Q�M �Q�7 �i�?�2 �r���i�2�` �7�`�Q�K �H�B�[�m�B�/ �p���T�Q�` �b�?�Q�m�H�/ �#�2

�+���H�+�m�H���i�2�/ �i�Q �/�2�i�2�`�K�B�M�2 �i�?�2 �p�Q�H�m�K�2 �Q�7 �i�?�2 ���+�+�m�K�m�H���i�Q�`�X �.�m�`�B�M�; �i�?�B�b �+���H�+�m�H���i�B�Q�M�- �h���#�H�2�j�X�R�y
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�6�B�;�m�`�2 �j�X�R�9�, �*�`�Q�b�b�@�b�2�+�i�B�Q�M���H �p�B�2�r �Q�7 �i�?�2 ���+�+�m�K�m�H���i�Q�`�b

�B�b �m�b�2�/ �i�Q �+���H�+�m�H���i�2 �i�?�2 �p�Q�H�m�K�2�i�`�B�+ �7�H�Q�r �7�`���+�i�B�Q�M ���M�/ �i�?�2 �2�t�T���M�b�B�Q�M �Q�7 �i�?�2 �H�B�[�m�B�/ �r���i�2�` �7�`�Q�K

���i�K�Q�b�T�?�2�`�B�+ �T�`�2�b�b�m�`�2 �i�Q �i�?�2 �i�2�b�i �T�`�2�b�b�m�`�2 �i�?���i �T�`�Q�p�B�/�2�b �i�?�2 �?�B�;�?�2�b�i �Q�m�i�H�2�i �[�m���H�B�i�v�B�X�2�X�- �i�?�2

�?�B�;�?�2�b�i �p�Q�H�m�K�2 �2�t�T���M�b�B�Q�M�X �h���#�H�2�j�X�R�y�`�2�b�m�H�i�b �r�2�`�2 �m�b�2�/ �7�Q�` �Q�m�` �H�Q�r�2�b�i �/�2�b�B�;�M �T�`�2�b�b�m�`�2 �Q�7 �d

�J�S���X

�o�Q�H�m�K�2�i�`�B�+ �7�H�Q�r �7�`���+�i�B�Q�M �+���M �#�2 �+���H�+�m�H���i�2�/ �r�B�i�? �1�[�m���i�B�Q�M�j�X�j�k�-

� =
1

1 + [(1 � x)/( x)]( � v/ � l )
�U�j�X�j�k�V

���M�/�-

� =
Vv

Vtotal
�U�j�X�j�j�V

�h�?�2 �i�Q�i���H �p�Q�H�m�K�2Vtotal �B�b �i�?�2 �p�Q�H�m�K�2 �Q�7 �i�?�2 �i�2�b�i �b�2�+�i�B�Q�M�- �b�i�2���K �b�2�T���`���i�Q�`�- �+�Q�M�/�2�M�b�2�`�- ���M�/

�T�B�T�B�M�; �#�2�+���m�b�2 �i�?�2�b�2 ���`�2 �i�?�2 �Q�M�H�v �H�Q�+���i�B�Q�M�b �r�?�2�`�2 �i�?�2 �p���T�Q�` �r�B�H�H �2�t�B�b�i�X �6�`�Q�K �i�?�B�b �2�[�m���H�B�i�v�-

�i�?�2 �p�Q�H�m�K�2 �Q�7 �i�?�2 �p���T�Q�` �UVv �V �+���M �#�2 �+���H�+�m�H���i�2�/�X
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���H�b�Q�- �p�Q�H�m�K�2 �+�?���M�;�2 �B�M �i�?�2 �H�B�[�m�B�/ �r���i�2�` �M�2�2�/�b �i�Q �#�2 �+���H�+�m�H���i�2�/�X �h�2�K�T�2�`���i�m�`�2 �+�?���M�;�2 �B�M �i�?�2

�H�B�[�m�B�/ �r���i�2�` �+���m�b�2�b �� �+�?���M�;�2 �B�M �i�?�2 �p�Q�H�m�K�2 �Q�7 �i�?�2 �H�B�[�m�B�/ �r���i�2�`�X �h�?�B�b �M�2�2�/�b �i�Q �#�2 �+���`�2�7�m�H�H�v

�+���H�+�m�H���i�2�/ �#�2�+���m�b�2 �K�Q�b�i �Q�7 �i�?�2 �7�H�Q�r �B�M �i�?�2 �H�Q�Q�T �B�b �H�B�[�m�B�/ �r���i�2�`�X

�.�m�`�B�M�; �i�?�B�b �+���H�+�m�H���i�B�Q�M�- �B�i �B�b �+�`�m�+�B���H �i�Q �m�b�2 �i�?�2 �i�Q�i���H �p�Q�H�m�K�2 �Q�7 �i�?�2 �H�Q�Q�T �#�2�+���m�b�2 �i�?�2 �T�`�2�b�b�m�`�2

�r�B�H�H �B�M�+�`�2���b�2 ���i �2�p�2�`�v �H�Q�+���i�B�Q�M�X

�1�[�m���i�B�Q�M�j�X�j�9�T�`�Q�p�B�/�2 �i�?�2 �i�Q�i���H �K���b�b �Q�7 �r���i�2�` �B�M �i�?�2 �H�Q�Q�T �Umtotal �V ���i ���i�K�Q�b�T�?�2�`�B�+ �T�`�2�b�b�m�`�2�X

�h�?�2 �r���i�2�` �K���b�b �Q�7 �i�?�2 �H�Q�Q�T �r�B�H�H �#�2 �+�Q�M�b�i���M�i �#�2�+���m�b�2 �Q�7 �i�?�2 �+�Q�M�b�2�`�p���i�B�Q�M �Q�7 �i�?�2 �K���b�b�X �h�?�2

�K���b�b �Q�7 �i�?�2 �H�B�[�m�B�/ �r�B�H�H �+�?���M�;�2 �#�2�+���m�b�2 �Q�7 �2�p���T�Q�`���i�B�Q�M�X �h�?�2 �7�B�M���H �H�B�[�m�B�/ �K���b�b �Umf inal �V �+���M �#�2

�+���H�+�m�H���i�2�/ �r�B�i�? �1�[�m���i�B�Q�M�j�X�j�8�X

mtotal = Vloop � � f Patmospheric
�U�j�X�j�9�V

mf inal = mtotal � ((Vv) � � vPs
) �U�j�X�j�8�V

�r�?�2�`�2�-� vPs
���M�/� f Ps

�B�b �i�?�2 �/�2�M�b�B�i�v �Q�7 �i�?�2 �p���T�Q�` ���M�/ �H�B�[�m�B�/ �r���i�2�` ���i �Q�m�i�H�2�i �T�`�2�b�b�m�`�2�- �`�2�b�T�2�+�@

�i�B�p�2�H�v�X

�o�Q�H�m�K�2 �Q�7 �i�?�2 �H�B�[�m�B�/ �b�B�/�2 ���i ���M�v �Q�m�i�H�2�i �T�`�2�b�b�m�`�2 �+���M �#�2 �+���H�+�m�H���i�2�/ �r�B�i�? �1�[�X�j�X�j�e�X �h�?�m�b�- �i�?�2

�p�Q�H�m�K�2 �Q�7 �i�?�2 �i�r�Q�@�T�?���b�2 �K�B�t�i�m�`�2 ���i ���M�v �T�`�2�b�b�m�`�2 �Q�7 �i�?�2 �H�Q�Q�T �UVnew �V �+���M �#�2 �+���H�+�m�H���i�2�/ �m�b�B�M�;

�1�[�m���i�B�Q�M�j�X�j�d�X

Vnew =
mf inal

� f Ps

�U�j�X�j�e�V

�6�B�M���H�H�v�- �+�?���M�;�2 �Q�7 �i�?�2 �p�Q�H�m�K�2 �b�?�Q�m�H�/ �#�2� V �-



�8�k �+�Ñ�ž�ÿ���¶�� �k�Y �/�¶���Ô�Ì�é �ñ�Å ���Ñ�¶ �T�?�B�H�m�b

� V = ( Vnew � Vloop) + Vv �U�j�X�j�d�V

� V �B�b �i�?�2 �i�Q�i���H �2�t�T���M�b�B�Q�M �p�Q�H�m�K�2 �B�M �i�?�2 �H�Q�Q�T�- �v�2�i �B�i �B�b �M�Q�i �i�?�2 ���+�+�m�K�m�H���i�Q�` �p�Q�H�m�K�2 �#�2�+���m�b�2

�i�?�2 ���+�+�m�K�m�H���i�Q�` �M�2�2�/�b �i�Q �?���p�2 �2�M�Q�m�;�? �p�Q�H�m�K�2 �i�Q �B�M�b�2�`�i �M�B�i�`�Q�;�2�M �/�m�`�B�M�; �i�?�2 �2�t�T�2�`�B�K�2�M�i�X

���H�b�Q�- �i�?�2 ���+�+�m�K�m�H���i�Q�` �r�B�H�H �#�2 �7�B�H�H�2�/ �r�B�i�? �b�Q�K�2 ���K�Q�m�M�i �Q�7 �r���i�2�` �#�2�7�Q�`�2 �b�i���`�i�B�M�; �T�`�2�b�b�m�`�B�x�B�M�;�X

�a�Q�-� V �B�b ���`�Q�m�M�/ �8�y�W �Q�7 �i�?�2 ���+�+�m�K�m�H���i�Q�`�X �h�?�2 �b�T�2�+�B�7�B�+���i�B�Q�M�b �Q�7 �i�?�2 �+�?�Q�b�2�M ���+�+�m�K�m�H���i�Q�` ���`�2

�b�?�Q�r�M �B�M �h���#�H�2�j�X�R�e�X

�h���#�H�2 �j�X�R�e�, �a�T�2�+�B�7�B�+���i�B�Q�M �Q�7 �i�?�2 ���+�+�m�K�m�H���i�Q�`

�S���`���K�2�i�2�`�b �o���H�m�2

�A�i�2�K �h�v�T�2 �"�H���/�/�2�`

�A�i�2�K �L�Q �_���a�@�R�y�@�*�j�"�y�3�L�s�q�R

�.�2�b�B�;�M �S�`�2�b�b�m�`�2 �U�T�b�B�V�j�y�y�y

���H�H�Q�r���#�H�2 �P�T�2�`���i�B�M�; �h�2�K�T�2�`���i�m�`�2

�U�6�V
�@�k�y �i�Q �k�y�y

�o�Q�H�m�K�2 �U�:���H�H�Q�M�V �R�y

�*�Q�M�M�2�+�i�B�Q�M �R�f�9 �L�S�h

�"�2�+���m�b�2 �Q�7 �i�?�2 �"�H���/�/�2�` �K���i�2�`�B���H�- �i�?�2 �K���t�B�K�m�K �r�Q�`�F�B�M�; �i�2�K�T�2�`���i�m�`�2 �Q�7 �i�?�2 ���+�+�m�K�m�H���i�Q�`

�B�b �k�y�y� C�X �� �+�Q�Q�H�2�` �b�v�b�i�2�K �B�b �M�2�+�2�b�b���`�v �i�Q ���/�/ �#�2�i�r�2�2�M �i�?�2 �H�Q�Q�T ���M�/ �i�?�2 ���+�+�m�K�m�H���i�Q�` �i�Q

�+�Q�Q�H �i�?�2 �7�H�Q�r �#�2�7�Q�`�2 �2�M�i�2�`�B�M�; �i�?�2 ���+�+�m�K�m�H���i�Q�`�X ���H�b�Q�- �i�?�2 �T�`�2�b�b�m�`�2 �B�M �i�?�2 ���+�+�m�K�m�H���i�Q�` �r�B�H�H

�#�2 �+�Q�M�i�`�Q�H�H�2�/ �#�v �M�B�i�`�Q�;�2�M �UN2�V �T�`�2�b�b�m�`�2 �m�b�B�M�; ���m�i�Q�K���i�2�/ �7�B�H�H ���M�/ �`�2�H�B�2�7 �p���H�p�2�b �i�Q �K���B�M�i���B�M

�/�2�b�B�`�2�/ �T�`�2�b�b�m�`�2 �b�2�i �T�Q�B�M�i �/�m�`�B�M�; ���M �2�t�T�2�`�B�K�2�M�i�X
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�j�X�d �o���H�p�2�b

�� �H�B�7�i �+�?�2�+�F �p���H�p�2 �B�b �H�Q�+���i�2�/ �#�2�i�r�2�2�M �i�?�2 �H�B�[�m�B�/ �Q�m�i�H�2�i �Q�7 �i�?�2 �b�i�2���K �b�2�T���`���i�Q�` ���M�/ �i�?�2 �#�v�T���b�b

�Q�m�i�H�2�i �i�Q �T�`�2�p�2�M�i �7�H�Q�r �7�`�Q�K �;�Q�B�M�; �i�Q �i�?�2 �Q�m�i�H�2�i �Q�7 �i�?�2 �b�i�2���K �b�2�T���`���i�Q�`�X �h�?�2 �7�H�Q�r �7�`�Q�K �i�?�2

�K���B�M �#�v�T���b�b �H�B�M�2 �M�2�2�/�b �i�Q �#�2 �/�B�`�2�+�i�2�/ �#�2�+���m�b�2 �Q�7 �i�?�2 �T�`�2�b�b�m�`�2 �/�`�Q�T�X �"�2�+���m�b�2 �Q�7 �i�?���i�- �� �H�B�7�i

�+�?�2�+�F �p���H�p�2 �?���b �#�2�2�M �m�b�2�/ ���b �� �Q�M�2�@�r���v �p���H�p�2�X �h�?�2 �b�T�2�+�B�7�B�+���i�B�Q�M �Q�7 �i�?�2 �H�B�7�i �+�?�2�+�F �p���H�p�2 �B�b �B�M

�h���#�H�2�j�X�R�d�X

�h���#�H�2 �j�X�R�d�, �a�T�2�+�B�7�B�+���i�B�Q�M �Q�7 �i�?�2 �G�B�7�i �*�?�2�+�F �o���H�p�2

�A�i�2�K �o���H�m�2

�L���K�2 �a�r���;�2�H�Q�F �a�a�@�8�3�a�R�k

�*�Q�M�M�2�+�i�B�Q�M �b�B�x�2 �U�B�M�V �j�f�9

�*�o �U�6�H�Q�r �*�Q�2�7�7�B�+�B�2�M�i�V �J���t�B�K�m�K�k�X�k

���a�J�1 �*�H���b�b �k�8�y�y

�q�Q�`�F�B�M�; �h�2�K�T�2�`���i�m�`�2 �U� C�V �l�T �i�Q �9�3�k

�q�Q�`�F�B�M�; �S�`�2�b�b�m�`�2 �U�#���`�V �l�T �i�Q �9�R�j

�1�[�m�B�p���H�2�M�i �T�`�2�b�b�m�`�2 �7�Q�` �j�d�y� C �U�#���`�V �k�9�3

�6�`�Q�K �h���#�H�2�j�X�R�d�- �7�H�Q�r �*�Q�2�7�7�B�+�B�2�M�i �B�b �i�?�2 �M�m�K�#�2�` �Q�7 �;���H�H�Q�M�b �T�2�` �K�B�M�m�i�2 �Q�7 �r���i�2�` �i�?���i �r�B�H�H �T���b�b
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