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ABSTRACT 
Natural gas is an attractive option for transportation applications 
in the United States due to its abundant availability and potential 
for reduced emissions. The scarcity of refueling resources 
imposes a barrier to widespread use of natural gas in internal 
combustion engines. The development of a novel bi-modal 
engine capable of operating in a compressor mode provides 
refueling capabilities without any supplemental devices and 
attempts to overcome this infrastructure limited barrier. Heat 
generated in the compression process however results in 
undesirable effects such as increased work input for 
compression, pre-heating of natural gas stored in the fuel tank, 
and thermal loads in the components used in the modified 
cylinder head. In order to make the system self-contained, heat 
exchangers that utilize engine coolant as a heat sink are included 
in the system design to maintain natural gas temperatures at an 
acceptable level in between compression stages. This is planned 
to be done in a novel fashion so as to make the system self-
regulating permitting the cooling of natural gas while 
maintaining the coolant temperature in the cylinder head at 
acceptable levels to maintain combustion efficiency. To this end, 
an EES model of the system that incorporates elements of the 
original vehicle coolant system and modifications made to 
incorporate the heat exchangers is developed and analyzed to 
ensure satisfactory performance. Parametric studies of system 
performance as a function of varying heat loads are used to 
determine the best strategy to maintain acceptable natural gas 
temperatures without causing a drop in engine performance. 

INTRODUCTION 
Natural gas has emerged as an attractive alternative to 

hydrocarbon fuels for transportation applications in recent years. 
This has been facilitated by the rapid increase in US domestic 

production and unlocking of vast amounts of natural gas from 
shale deposits through the improvement of hydraulic fracturing 
or ‘fracking’, and horizontal drilling technologies. These 
discoveries and increased production have also led to a 
considerable decline in the price of natural gas. Natural gas 
production in the US is expected to grow by 56% from 2012 to 
2040 with the contribution from shale gas increasing from 40% 
in 2012 to 53% in 2040 [1]. This increased supply also means 
that the difference in retail price between gasoline or diesel and 
compressed natural gas (CNG) can be over $2 per equivalent 
gallon of gasoline (GGE) [2].  

Beyond the economic benefits to utilizing natural gas in 
transportation application, there are other benefits to be accrued 
as well. One, it reduces the reliance of the nation on import of 
petroleum. In 2011, the US imported 28 quadrillion BTU of 
petroleum gallons of crude oil, 70% of which was utilized for 
transportation applications and 45% of which was imported [3]. 
This has significant economic and geo-political implications. 
Natural gas has a higher octane number facilitating the use of 
higher compression ratios in IC engine applications giving a 
higher overall efficiency [4]. There are environmental benefits to 
be gained from natural gas use in transportation. Several studies 
have indicated a net reduction of exhaust gas emissions [5, 6, 7].  

While there are highly persuasive arguments to utilize natural 
gas in transportation applications, two major barriers remain to 
be overcome. These relate to vehicle onboard storage of natural 
gas and refueling capabilities.  Over 60 million homes and 
businesses are connected to the natural gas supply network [8]. 
However, as of 2012 only 700 public compressed natural gas 
(CNG) refueling stations are available in the US as compared to 
over 100,000 gasoline stations [9, 10]. The lack of refueling 
infrastructure is reflected in the low market penetration of 
commercially produced natural gas vehicles. Currently, few 
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vehicles are manufactured and sold in the United States 
operating on natural gas. The onboard storage issue is chiefly due 
to the low density of natural gas as compared to liquid 
hydrocarbon fuels. Solutions to this issue include compressing 
or liquefying natural gas for onboard storage. However, 
liquefaction is a much more expensive and complex strategy as 
compared to natural gas compression.  Unfortunately, refueling 
times for compressed natural gas can range on the order of hours 
depending on supply pressure, availability of an on-site 
compressor, and the associated cost.  

A collaborative effort between Oregon State University’s 
Energy Systems Laboratory and Czero [11—14] resulted in the 
development of a novel ‘bi-modal’ engine that, by cylinder 
deactivation, can utilize power supplied by firing engine 
cylinders to operate the non-firing cylinders in a compressor 
mode. Natural gas that enters the compressing cylinders at 
atmospheric or slightly boosted pressures is used to fill a storage 
tank to a pressure of 3600 psi. The firing cylinders provide the 
power required by the compressing cylinders and the system is 
completely self-contained. This eliminates the infrastructure-
limited barrier to utilizing natural gas as well as makes it possible 
to refuel at any location where natural gas supply is available. 
This onboard refueling system is being implemented on a 6.2L, 
V8 Boss Ford production engine.  

Compressing natural gas in this manner however results in 
considerable heating due to the compression process. There are 
several disadvantages associated with this. One, increased work 
input is required for the compression of the gas due to the 
increase in its specific volume. Two, the increase in gas 
temperature is detrimental to the performance of various seals 
and valving hardware utilized in the modified engine cylinder 
head. Three, storing hot gas in the fuel tank could potentially 
change engine performance due to pre-heating of the fuel [15]. 
Four, any oil that is present in the gas stream could potentially 
undergo thermal coking resulting in degradation of the flow 
passages. These are major motivations to cool the natural gas in 
between compression stages. Since commercial utilization of 
this technology is the ultimate aim of this project, it is also 
imperative that the components utilized in inter-cooling occupy 
as small a space as possible since it needs to be carried onboard 
the vehicle. To this end, counter-flow micro-channel heat 
exchangers [16] have been designed/selected to cool the CNG. 
Engine coolant is the ideal heat sink to utilize due to its ready 
availability and large cooling capacity. However, cooling the 
CNG to around 500C as required by the compressing system is 
made difficult due to minimum coolant temperatures being 
around 800C in automotive systems. Currently this is planned to 
be accomplished by utilizing R134a from the vehicle air-
conditioning system following a first stage cooling by the engine 
coolant. An alternative approach would be to use a closed-loop 
cooling system that can cool the engine coolant to temperatures 
around 500C in the radiator and be heated back up to around 800C 
entering the engine flow passages. This approach is evaluated in 
the work done here. 

This work presents a feasibility study of the closed-loop 
coolant system to achieve the CNG cooling requirements while 

maintaining the coolant temperature in the cylinder head at 
acceptable levels to maintain combustion efficiency. The system 
is modeled in Engineering Equation Solver (EES) [17] with 
CNG being modeled as having properties of methane. Current 
work involves the development of a Simulink model to replicate 
the EES capability and provides a suitable platform for further 
extensions to include engine performance and control system 
modeling. The paper is laid out as follows. The bimodal engine 
system configuration is presented. The CNG cooling 
requirements, heat exchanger specifications, and existing engine 
cooling system are discussed. The EES model is described and 
results from parametric studies are presented. Finally, 
conclusions and future work are discussed. 

SYSTEM CONFIGURATION 
A novel bi-modal engine concept is being developed to 

operate an internal combustion engine in a compressor mode 
during natural gas refueling. The engine utilized in this work is 
a Ford 8-cylinder automotive engine typically used in pickup-
truck applications. It has a displacement of 6.2 liters and is a V-
engine with two rows of 4 cylinders with two separate cam-shafts 
as shown in Fig. 1. Table 1 gives a brief summary of the 
important specifications of the stock engine. The engine is used 
on several light duty trucks manufactured by the Ford motor 
company including the Ford F-Series trucks including the F-250 
and higher models. The major modification of the engine in order 
to incorporate the natural gas refueling strategy is in the 
additional components and technology incorporated into the 
cylinder head. During the natural gas refueling process, the 
intake and exhaust valves on the compressing cylinders are 
deactivated and check valves incorporated into the cylinder head 
regulate the flow of natural gas.  

 
Figure 1. Photograph of the engine utilized to develop the dual 
mode engine that operates in compressor mode during natural 
gas refueling [18].  

The compression of natural gas from the supply line is 
performed in multiple stages until the final required pressure in 
the tank is achieved. Currently, we aim to get to pressures of the 
order of 75 bar at the engine exit. The multi-stage compression 
process is selected for its ability to achieve the compression in 
the most efficient manner. During the refueling operation, the 
power for the cylinders compressing natural gas is provided by 
the firing cylinders.  
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Table 1. Engine specifications and operating parameters. 
Parameter Value Units 
Displacement 6210 cc 
Bore 102 mm 
Stroke 95 mm 
Compression ratio 9.8  
Peak power 385 hp 
Peak torque 405 ft-lb 
Speed range 1000-5500 RPM 

CNG COOLING REQUIREMENTS 
The multi-stage compression process means that there are 

inter-stage cooling opportunities. At each inter-stage, the CNG 
exits the cylinder, passes through check valves and enters into 
the heat exchanger. Based on filling and emptying models for the 
engine cylinders involved in the compression process, estimates 
have been obtained for the mass flow rates of natural gas and its 
inlet and outlet temperatures. These values are summarized in 
Table 2 for all stages taken together. Heat load is computed using 
the following equation: 

∗ , ∗ , ,  
The design exit temperature of CNG is set to be 500C from each 
stage. This temperature forms a key part of the design and is set 
by material limitations for a Viton O-ring seal used in the 
cylinder check valves. The O-ring can handle temperatures up to 
2500C and this limits the inlet temperature in each compression 
stage to about 500C. 

Table 2. CNG cooling specifications.  

 

CLOSED-LOOP CONTROLLED COOLANT SYSTEM 
As mentioned previously, the goal of this application is to 

develop a self-contained system with a supply source of natural 
gas being the only requirement external to the vehicle. To this 
extent, any fluids used for the heat sink as well as any additional 
accessories required by the heat exchanger have to be present 
onboard the vehicle. The engine coolant is an obvious choice for 
cooling CNG due to its availability and large heat capacity. Table 
3 lists some of the specifications of the stock engine coolant 
system.  

The existing cooling system layout in the Ford trucks 
utilizing the 6.2L Boss engine is similar to that in a typical 
automotive application as shown in the schematic in Fig. 2. The 
engine coolant, typically a 50-50 mix of water and ethylene 
glycol is circulated through the engine water jacket, the 
thermostat, the radiator, and back to the engine through the water 
pump. The circuits for the heater core and oil cooler are also 
present. However, these additional coolant circuits are neglected 
in this initial phase of the study. 

Table 3. Engine specifications and operating parameters. 

 

 
Figure 2. Schematic of a typical automotive cooling system [19]. 

Figure 3 shows a schematic of the proposed closed-loop 
controlled coolant system. Engine coolant temperatures labeled 
in Fig. 3 represent desired ideal values. The actual values were 
computed using an EES [17] model and will be presented in the 
results section. As shown in Fig. 3, a temperature increase of 
100C and a coolant exit temperature of 900C are assumed. This 
increase in coolant temperature as it passes through the water 
jacket is from the heat generated by the firing and compressing 
cylinders. The cooling load from the firing cylinders is related to 
the engine speed. For the compressing cylinders, the heat transfer 
coefficient for cylinder wall heat transfer changes with engine 
speed but the gas temperature mainly depends on the pressure 
ratio and should not vary significantly.  

The heat to be rejected to the coolant by the firing cylinders 
is assumed to be equal to the engine power output. This 
assumption is based on SI engine energy balance data reported 
in Heywood [20] which shows thermal losses and useful engine 
power output to be close to about 30% each of the total energy 
input to the engine. 

While no concrete data is available for the water pump 
circulation as a function of engine speed, it is anticipated that 
about 10-20 gal/min of flow is available at the idling speed. 
Following this, a flow rate of 10 gal/min was assumed as the total 
available coolant flow rate during CNG refueling. In the 
simulation cases, the heat absorption capacity of the coolant in 
the engine block was estimated and ensured to meet or exceed 
engine cooling requirements.  

The addition of the heat exchangers for CNG cooling into 
the simplified coolant circuit is shown in the schematic in Fig. 3. 
The engine coolant as it exits the engine block is split up into two 
streams as in the original coolant system. The flow rate through 
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each stream is regulated by the thermostat. The thermostat could 
be the stock component; however, an electronically controllable 
thermostat is also being investigated as a potential candidate for 
this system. The electronic map-controlled thermostat allows an 
external signal to control voltage to a heater element in the 
thermostat regulating its opening and thus enabling precise 

 
Figure 3. Schematic of the proposed closed-loop controlled 
coolant system. The temperatures represent desired ideal values. 
The calculations utilized effectiveness correlations to produce 
actual temperatures that can be expected at the radiator/heat 
exchanger outlets.  

control on the coolant flow. One coolant stream flows through 
the radiator while the other bypasses it and returns back to the 
water pump. The radiator which forms a critical element of this 
system is required to cool the coolant from 900C down to 500C. 
The stream that exits the radiator further gets divided into two 
streams using a solenoid-controlled three-way valve. One stream 
flows back towards the water pump and the other flows through 
the heat exchanger. The coolant picks up heat in the heat 
exchanger and mixes with the other two streams before entering 
the water pump through a check valve and being circulated back 
into the engine block.  

The primary goal of this setup is to be able to reduce the 
temperature of coolant exiting the radiator to temperatures low 
enough to permit cooling of CNG to its desired exit temperature 
in the heat exchanger. At the same time, we aim to maintain 
temperatures of the order of 80oC entering the engine so that 
there is no detrimental effect on combustion processes or engine 
performance. It should be pointed out that this strategy can have 
applications in other devices such as oil coolers, EGR coolers, 
and turbocharger inter-coolers.  

There are several parameters that have to be considered in 
this scenario, the chief ones being: engine cooling load, ambient 
air temperature, radiator performance, and coolant mass flow 
rate. The radiator acquired for the engine was measured to get 
various dimensions such as channel size, fin size, number of fins, 
etc. These details were then input into an EES code that modeled 
the performance of the radiator using the effectiveness-NTU [21] 
method. The radiator performance was coupled to a model of the 

heat exchanger as well as a simple representation of engine 
power output and cooling load. 

SYSTEM MODELING 
The closed-loop controlled coolant system is modeled using 

sub-models for the components as described below.  

Radiator sub-model 
The stock radiator for the Ford 6.2L engine was acquired and 

measurements such as number of channels, channel size, fin size, 
etc. were obtained. The radiator fan for this engine is sized to 
provide maximum air flow of about 1200 SCFM while available 
after-market performance parts are capable of providing up to 
6000 SCFM. Air flow rate and inlet air temperature is treated as 
a variable in this analysis. Air flow rate can be varied 
independent of the coolant flow rate by utilizing an electric fan 
in lieu of the stock engine driven fan. The radiator is modeled 
using the effectiveness-NTU method similar to that in previous 
works [22-24]. The analysis consists of using approximate inlet 
and outlet temperatures to estimate transport properties for the 
fluids (air and engine coolant) as well as a log mean temperature 
difference (LMTD). Mass flow rates of the fluids are used to 

estimate Reynolds numbers. Knowing the Reynolds ( ) 

and Prandtl ( ) numbers, the Dittus-Boelter empirical 

correlation [25] is used to estimate the Nusselt number for 
coolant flow using the following equation:  

0.023 ∗ . ∗ .  
The convective heat transfer coefficient is determined from the 
Nusselt number using the following equation: 

 

On the air side, an empirical relation for the Colburn factor is 
used along with the Reynolds and Prandtl numbers to obtain the 
heat transfer coefficient. The equations used are as follows: 

	
0.174

.  

 
	 ∗ ∗

/  

 
The overall heat transfer coefficient and the number of transfer 
units (NTU) are then estimated. The effectiveness can then be 
estimated using the correlation for a cross-flow type heat 
exchanger. Finally, actual values of air and coolant exit 
temperatures are estimated based on the effectiveness value.  

Heat exchanger sub-model 
The heat exchanger sub-model is similar to the radiator sub-

model except for the fact that the heat exchanger is of a counter-
flow type. The flow through the micro-channel heat exchangers 
is assumed to be laminar and a fixed Nusselt number (Nu) of 
8.235 is used for all calculations corresponding to long aspect 
ratio channels [26].  

Engine sub-model 
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A highly simplified model of the engine is used where the 
heat rejected to the coolant is estimated based on observations 
reported in Heywood [20] as mentioned before. 

Water pump sub-model 
The water pump is assumed to provide a fixed volumetric 

flow rate based on engine speed.  

RESULTS 
The closed-loop controlled coolant system was modeled 

using EES. Parametric analyses of the system were conducted by 
varying inlet air temperatures, fan air flow rates and radiator 
sizes. Each parameter was varied individually keeping all other 
parameters constant.  

Figure 4 shows coolant temperatures at the exit from the 
radiator as a function of air flow rate for different ambient air 
temperatures. Initially coolant exit temperature decreases rapidly 
with increasing air flow rate but this rate of decrease slows down 
at higher air flow rates. This is linked to the effectiveness of the 
radiator shown in Fig. 5 which indicates that the effectiveness 
asymptotes to a maximum value with increasing air flow rate. 
Maximum air flow rates of the order of 1200 SCFM can be 
achieved with a stock fan while performance after-market parts 
can yield flow rates up to 6000 SCFM (range shown shaded in 
Fig. 4 and Fig. 5). This means that over the range of ambient air 
temperatures considered here (10-40oC), it would not be possible 
to achieve the required exit temperature of 50oC using the current 
radiator unless the inlet air temperature was around 100C. Next, 
the effect of altering the radiator itself to increase its cooling 
capacity was considered. Keeping all other parameters constant, 
the radiator width was changed. The air flow rate was maintained 
at a constant value of 6000 SCFM. Figure 6 shows coolant exit 
temperatures as a function of radiator width for different ambient 
air temperatures.  With a four-fold increase in radiator width, it 
appears to be possible to achieve a coolant exit temperature of 
50oC over the range of inlet air temperatures.  

 
Figure 4. Coolant exit temperatures as a function of air flow rate 
for different ambient air temperatures. The shaded area shows 
available air flow rate using stock or performance after-market 
parts. 

 
Figure 5. Radiator effectiveness as a function of air flow rate for 
different ambient air temperatures. The shaded area shows 
available air flow rate using stock or performance after-market 
parts. 

Given the current radiator and electric fan options, and the 
required CNG temperatures of 50oC in the inter-stage, it seems 
difficult to use the closed-loop cooling system unless the radiator 
dimensions were changed to increase the heat transfer area.  
However, the current estimates of heat loads were based on 
adiabatic processes with the polytropic exponent being made 
equal to the ratio of specific heats of CNG. Tests planned to be 
carried out in the immediate future will provide more accurate 
determination of the actual temperatures and heat loads in the 
system. This may reduce the requirements on the closed-loop 
cooling system and make it feasible to be implemented. Even if 
the closed loop cooling system cannot completely eliminate the 
need for R134a to cool the CNG, it may reduce the requirements 
placed on vehicle air-conditioning system. Another possibility is 
that the R134a from the a/c system can be used to remove heat 
from the engine coolant and thus eliminate the need for a two-
stage cooling process currently being implemented in the micro-
channel heat exchangers.  

There are several elements of control required to monitor and 
operate this system for the closed-loop control strategy. This 
includes temperature and flow sensors to monitor coolant flow 
rates in various parts of the system, an electronically actuated 
three-way valve to control coolant flow, an electronic thermostat 
that enables coolant flow at variable operating conditions rather 
than a fixed temperature, and relays and controllers for the 
radiator fan. The active and passive elements of this system will 
interface with the engine/compressor control unit under 
development for the system. 

The EES model provides a steady state representation of the 
system and allows for parametric studies of the configuration. A 
MATLAB® SIMULINK® [27] model of the system has been 
developed to perform a dynamic analysis that allows 
investigation of transient phenomena and lays the groundwork 
for developing a closed-loop controller to operate the system. 
Figure 7 shows the layout of the SIMULINK® model. 
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Figure 6. Coolant exit temperatures as a function of radiator 
width for different ambient air temperatures. 

 Blocks containing MATLAB® code are used to represent 
the different components previously shown in the system layout 
in Fig. 3. There are two key differences in this model as opposed 
to the system layout in Fig. 3. One, the three-way control valve 
upstream of the heat exchanger is eliminated. It was recognized 
here that the three-way valve did not make any significant 
contribution to the system. Two, the electronic thermostat was 
set to a fixed point and not varied during the simulation. 
Currently the bypass ratio through the thermostat is set to 0.2 
which means that 20% of the coolant coming from the engine 
flows into the radiator while 80% bypasses the radiator/heat 
exchanger loop. Varying the thermostat operating condition will 
be pursued in future studies. 

The outlet temperature of CNG from the heat exchanger is 
determined to be the key variable required to be controlled 
through the closed-loop system. Changes in engine speed alter 
the operating condition of the system resulting in a deviation 
from the required values for CNG outlet temperature at the heat 
exchanger. To get the system back to the desired state, the 
radiator fan speed is controlled. This forms a feedback control 
loop which is handled by a proportional-integral-derivative 
(PID) controller used in the model. The PID parameters are 
obtained by first tuning the system using the SIMULINK® 
routines. The SIMULINK® PID tuner linearizes the plant, 
determines the plant input and output and calculates PID 
variables that can then be altered by the user to change response 
rate and robustness of the system. During the tuning operation, 
the effectiveness correlations used in the heat exchanger 
component are suppressed to be able to linearize the model. 
Further, the tuning required the model to be run for some time 
prior to tuning since the initial operating point was not suitable 
for plant linearization.  

Once the tuning was completed, a step input profile was 
assigned to the engine speed. A correlation was developed to 
obtain CNG flow rate as a function of engine speed. As the 

simulation runs, the engine speed varies according to the step 
input and the system controls the fan flow rate to keep a set CNG 
exit temperature from the heat exchanger. The difference 
between the desired and actual CNG exit temperatures at the heat 
exchanger forms the error signal input into the PID controller. 
The ambient air temperature is kept constant during the 
simulation. The coolant temperature at the inlet to the water 
pump is also maintained at a constant value of 800C. 
Figure 8 shows the results from a simulation run when the engine 
speed is varied according to the step input. This results in a 
corresponding increase in engine power output, CNG flow rate, 
and coolant heat load from the firing engine cylinders. This 
results in an increase in the CNG exit temperature above the 
desired set value of 500C. In response, the PID controller adjusts 
the fan flow rate to bring the CNG exit temperature at the heat 
exchanger back to the desired value. The PID controller provides 
a healthy response time as can be seen from the results in Fig. 8. 

CONCLUSIONS 
A closed-loop controlled system utilizing engine coolant 

was investigated for used in a novel engine that functions in a 
dual mode for compressing natural gas. The system is meant to 
cool compressed natural gas in inter-stages. In the proposed 
closed-loop controlled system, the traditional engine cooling 
system on-board the vehicle is modified to provide engine 
coolant to the heat exchangers at a temperature of about 500C. 
The coolant then proceeds to be heated up while absorbing heat 
from compressed natural gas and is supplied back to the engine 
at reasonably high temperatures around 800C so as to maintain 
acceptable engine performance. The system is regulated by 
controlling the flow of engine coolant through an electronically 
adjustable thermostat as well as a three-way solenoid actuated 
valve. Based on the specifications of the vehicle, the 
compression process, and heat exchangers designed to cool the 
compressed natural gas, an EES model was constructed. A 
parametric study of the influence of inlet air temperatures, air 
flow rates, and radiator dimensions on the coolant exit 
temperatures was carried out. The results of the study indicate 
that achieving the required natural gas temperature using the 
closed-loop control system is possible with a large radiator fan 
flow rate (higher than available with stock engine fans), an 
increase in radiator size or sufficient decrease in inlet air 
temperatures. Further this system would be made more viable if 
the requirements for cooling compressed natural gas were 
relaxed from the current target temperatures of 500C in the inter-
stages. 

A dynamic MATLAB® SIMULINK® model is also 
developed of the closed-loop system. A PID controller setup is 
used to control the exit temperature of CNG from the system 
based on desired and actual temperature values. First cut results 
show the controller to be effective in adjusting the radiator fan 
flow rate to maintain a constant CNG outlet temperature from 
the heat exchanger as the engine speed is varied.
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Figure 7. MATLAB® SIMULINK® model for the closed loop cooling system. 

 
 
 

 
Figure 8. Results from the MATLAB® SIMULINK® model illustrating the effects of applying a step input to the engine speed on 
engine power output, radiator fan flow rate, and CNG exit temperature. 
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FUTURE WORK 
The SIMULINK® model will be modified to incorporate 

the electronic thermostat setting as an additional control 
parameter. Model response to different engine speed ramp rates 
and varying ambient air temperatures will be studied. Engine 
tests utilizing the coolant and heat exchanger setups with an 
electronically-controlled thermostat are planned to be conducted 
to obtain better input for the model parameters as well as to 
validate some of the findings.   

NOMENCLATURE 
 
 :   Heat load (kW) 
:   Mass flow rate (kg/s) 
:   Specific heat at constant pressure (kJ/kg-K) 

:    Temperature (K) 
:    Heat transfer coefficient (W/m2-K) 

: Nusselt number 
:    Thermal conductivity (W/m-K) 

:  Reynolds number 
:       Fluid viscosity (kg/m2-s) 
:       Fluid density (kg/m3) 
:    Overall heat transfer coefficient (W/m2-K) 

: Log mean temperature difference 
BSFC:   Brake specific fuel consumption (g/kW-hr) 
Subscripts 
NG: natural gas 
HX: heat exchanger 
c: Coolant 
o: Outlet 
i: Inlet 
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